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ABSTRACT OF DISSERTATION

FORAGING AND ROOSTING BEHAVIORS OF RAFINESQUE’S
BIG-EARED BAT (CORYNORHINUS RAFINESQUII) AT
THE NORTHERN EDGE OF THE SPECIES RANGE
Bat populations in the eastern United States are currently declining at
unprecedented rates as a result of habitat loss, commercial wind energy
development, and white-nose syndrome. Effective conservation of these declining
populations requires knowledge of several aspects of summer and winter ecology,
including daytime habitat use (day-roost selection and social behaviors), nocturnal
habitat use (foraging habitat selection, prey selection, and prey abundance), and
winter hibernation (torpor) patterns. This dissertation addresses these questions
for Rafinesque’s big-eared bat (Corynorhinus rafinesquii), a species of
conservation concern in the southeastern United States. Kentucky represents the
northern edge of the range of Rafinesque’s big-eared bat, and summer and winter
behaviors in Kentucky are likely to differ from what has been observed in
southern portion of the range, where available habitats and climate are different.
My research occurred in two study areas in Kentucky, Mammoth Cave National
Park in central Kentucky, and the Ballard Wildlife Management areas in western
Kentucky. This dissertation includes all of the work done in western Kentucky,
where I radio-tagged 48 adult big-eared bats and documented daytime and
nighttime habitat use. Also included is a portion of the work done in central
Kentucky, focusing on hibernation patterns of 14 adult big-eared bats radiotagged during the winter at Mammoth Cave. Data disseminated in this dissertation
provide insights into the summer and winter ecology of Rafinesque’s big-eared
bat in Kentucky, and can be used to manage populations threatened by habitat loss
and white-nose syndrome.
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CHAPTER ONE: INTRODUCTION

Effective conservation of bat populations requires detailed knowledge of the
daytime (day-roosting) and nocturnal (foraging) behaviors of various species during the
summer and winter (Lacki et al. 2007b). This knowledge is needed now more than ever,
as populations of many bat species in the United States are seriously threatened by loss of
summer habitat, mortality from interactions with commercial wind turbines, and infection
with white-nose syndrome during winter hibernation (Lacki et al. 2007b; Arnett et al.
2008; Turner et al. 2011; Reeder et al. 2012). These anthropogenic factors threaten
different species to varying extents, and species-specific approaches to conservation are
often merited.
This dissertation is meant to aid in the conservation of Rafinesque’s big-eared bat
(Corynorhinus rafinesquii), a rare forest-dwelling bat found only in the southeastern
United States, and considered a species of conservation concern (Barbour and Davis
1969; Jones 1977; NatureServe 2012). Few data on the summer ecology of Rafinesque’s
big-eared bat were available to researchers and managers until the last decade, during
which the number of studies investigating summer behaviors has increased dramatically
(Gooding and Langford 2004; Carver and Ashley 2004; Mirowsky et al. 2004; Trousdale
and Beckett 2004, 2005; Stevenson 2008; Trousdale et al. 2008; Bennett et al. 2008; Rice
2009). Unfortunately, these studies were conducted in the southern portion of the species
range, where habitats and climate differ from the northern edge of the range. Because bat
behaviors can vary regionally, it is unclear whether or not data collected in the southern
edge of the range are applicable to regions farther north (Lacki et al. 2010).
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Kentucky represents the northern edge of the species’ range, and Rafinesque’s
big-eared bats occupy different forest ecosystems in different regions of the state. Most of
this dissertation focuses on summer daytime and nocturnal habitat use in a bottomland
hardwood forest, managed by the Kentucky Department of Fish and Wildlife Resources
as the Ballard and Boatwright Wildlife Management Areas, in western Kentucky.
Bottomland hardwood forests are often occupied by Rafinesque’s big-eared bats
throughout the southern portion of the range, and the data presented in this dissertation
from western Kentucky provide an important comparison of regional behaviors.
Although not presented in this dissertation, we conducted similar research in an upland
forest environment at Mammoth Cave National Park in central Kentucky. Thus, this
dissertation provides data on daytime and nocturnal habitat for comparison among similar
habitats throughout the species range, and forthcoming data will provide a comparison
among different habitats within northern edge of the range. Although not included in this
dissertation, these data will be important for conservation, as little research on foraging
and roosting behaviors Rafinesque’s big-eared bats has been conducted in upland
environments (Hurst and Lacki 1999; Menzel et al. 2001).
The next six chapters presented in this dissertation are written to stand alone as
peer-reviewed publications. Chapter Two, Foraging and roosting ecology of
Rafinesque’s big-eared bat at the northern edge of the range, was published in 2011 as
part of the proceedings of the Symposium on Conservation and Management of Bigeared Bats in the Eastern United States, which took place March 9–10, 2010. This chapter
details the need for data on daytime and nocturnal habitat use which are also presented in
Chapters Three, Five, and Six of this dissertation, and presents one summer of data
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collected in western Kentucky in 2009. These data showed that bald cypress (Taxodium
distichum) is an important habitat component of Rafinesque’s big-eared bat in western
Kentucky, and that reproductive females base their home ranges around forested wetlands
where these trees are located. These data also showed that upland deciduous forests were
important foraging habitats, although relatively unimportant for day-roosting. Because
analyses in this chapter included only one year of data, many questions remained
unaddressed, such as the influence of prey availability and consumption on nocturnal
habitat selection, and the role of social roosting behaviors, roost microclimates, and
thermoregulation in the selection of day-roosts.
Chapter Three, Social networks of Rafinesque’s big-eared bats (Corynorhinus
rafinesquii) in bottomland hardwood forests, expands upon the work presented in Chapter
Two. This chapter focuses on how colonies of Rafinesque’s big-eared bats and their dayroosts can be conceptualized as social networks, and how social network analysis can be
used to assess the role of specific roosts and bats in those networks. The data presented in
this chapter show how social networks and social behaviors varied among colonies with
varying availability of bald cypress roosts, further demonstrating the importance of these
trees for big-eared bats. These data also showed social behaviors varied among sexes and
reproductive classes, and provide some examples of how social network analysis can be
applied to bat research. Presentation of these data won a student award at the 2011
Southeastern Bat Diversity Network conference. This chapter was accepted for
publication in the Journal of Mammalogy on July 11, 2012, and is tentatively due to be
published in December 2012.

3

Chapter Four, A review of methods used to assess sociality in bats, further pursues
the use of social network analysis in bat research. As partially discussed in the previous
chapter, network analysis has become increasingly popular in animal research, and has
recently been applied in several studies of bats. Network analysis is not a field many
ecologists are familiar with, however, and examination of literature assessing sociality in
bats shows that there is a need for a review of the strengths and weakness of different
methods in the context of bat ecology and field techniques. This chapter provides other
researchers with guidance on how social network analysis can be better used in bat
research, and is currently undergoing peer-review for publication.
Chapter Five, Habitat associations among Rafinesque’s big-eared bats
(Corynorhinus rafinesquii) and their Lepidopteran prey in bottomland hardwood forests,
presents all three years of data on nocturnal habitat use from western Kentucky, and
combines these data with data on daytime habitat use presented in Chapter Three. The
data presented in this chapter address many of the unanswered questions from Chapter
Two, including why big-eared bats forage in upland forests. These data should be useful
to the Kentucky Department of Fish and Wildlife Resources for management of the
Ballard Wildlife Management Area in respect to habitat for Rafinesque’s big-eared bats.
Chapter Six, Summer heterothermy in Rafinesque’s big-eared bats (Corynorhinus
rafinesquii) roosting in tree cavities in bottomland hardwood forests, presents data on bat
thermoregulation and roost microclimates collected in western Kentucky. These data
showed that all sexes and reproductive classes of Rafinesque’s big-eared bats used torpor
during the summer, but with notable differences in thermoregulatory strategies among
these groups of the population. We also found that the two most common tree species
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used as day-roosts, bald cypress and water tupelo (Nyssa aquatica), had significantly
different temperature patterns, with implications for their suitability for summer and
winter roosting.
Chapter Seven, Winter behavior of Rafinesque’s big-eared bat (Corynorhinus
rafinesquii) suggests reduced vulnerability to white-nose syndrome, is the only chapter
which presents data collected in central Kentucky. Mammoth Cave National Park
presented an ideal location for such a study because Rafinesque’s big-eared bats
hibernate in caves within the Park, unlike populations farther south, which have been
found over-wintering in tree hollows and man-made structures (Rice 2009; Sasse et al.
2011). These data have implications for the susceptibility of Rafinesque’s big-eared bats
to white-nose syndrome, and the Chapter contains insights into their winter ecology.
Presentation of these data won a student award at the 2012 Southeastern Bat Diversity
Network conference. This chapter is currently undergoing peer-review for publication.
Chapter Eight, the final chapter of this dissertation, is a brief conclusion tying
together the knowledge learned from Chapters Two through Seven, and provides final
commentary on the summer and winter ecology of Rafinesque’s big-eared bats in
Kentucky.

Copyright © Joseph Samuel Johnson 2012
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CHAPTER TWO
FORAGING AND ROOSTING ECOLOGY OF RAFINESQUE’S BIG-EARED BAT
AT THE NORTHERN EDGE OF THE RANGE

Abstract―Limited data exist on foraging and roosting habits of Rafinesque’s big-eared
bat (Corynorhinus rafinesquii) at the northern edge of the species’ range, where habitat
use may differ from that reported for southern portions of the distribution. To provide
land managers with regional data on habitat use of Rafinesque’s big-eared bat, we
radiotagged 15 adult bats to document diurnal and nocturnal habitat use in western
Kentucky during June and July 2009. We tracked 12 females (seven lactating, five postlactating) and two males to 35 day-roosts, including 29 bald cypress (Taxodium
distichum), four water tupelo (Nyssa aquatica), one sweetgum (Liquidambar styraciflua)
and one concrete bridge. Roost trees consisted of trees containing a basal entrance to the
roost cavity (n = 2, 5.9 percent), a basal and top entrance (n = 15, 44.1 percent), a top
entrance (n = 14, 41.2 percent) and entrances located in the mid-section of the bole (n =
3, 8.8 percent). Males switched roosts every 1.3 ± 0.04 days, lactating females every 2.2
± 0.3 days and post-lactating females every 2.7 ± 0.7 days. Home range estimates did not
differ between lactating (178.5 ± 103.4 ha, n = 6) and post-lactating females (231.7 ±
66.7 ha, n = 6; P = 0.17). Second-order habitat use by females (n = 11) was non-random
(P < 0.001), with home ranges closest to forested and herbaceous wetlands and upland
deciduous forests, and farthest from agriculture and open fields. Third-order habitat use
for females (n = 11) did not differ from random (P = 0.47). Our data indicate importance
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of a variety of roost types, wetlands, and upland forests to Rafinesque’s big-eared bat in
western Kentucky.

INTRODUCTION
Studies examining foraging and roosting habits of North American bat species
have increased in the past two decades in response to technological advancements in
miniature radiotransmitters and ultrasonic bat detectors (Barclay and Kurta 2007, Lacki et
al. 2007a). While much has been learned of the diet, nocturnal habitat-use, and dayroosting habits of North American bats, research suggests that these behaviors can vary
geographically within species (Lacki et al. 2010), highlighting the need for regional
studies examining requirements and preference for each species. Rafinesque’s big-eared
bat (Corynorhinus rafinesquii) is considered vulnerable throughout its range
(NatureServe 2010), and has been the focus of several studies aimed at identifying habitat
features important to day-roosting. However, most of this research has investigated dayroosting in the southern portion of the range (Clark 1990; Clark et al. 1998; Cochran
1999; Lance et al. 2001; Gooding and Langford 2004; Mirowsky et al. 2004; Trousdale
and Beckett 2004, 2005; Bennet et al. 2008; Stevenson 2008; Trousdale et al. 2008; Rice
2009), with few studies (Hurst and Lacki 1999; Carver and Ashley 2008) conducted near
the northern edge of the range.
While day-roosting habitat of Rafinesque’s big-eared bat has received attention,
only three studies have collected data on home range or nocturnal habitat use (Clark et al.
1998; Hurst and Lacki 1999; Menzel et al. 2001), and no study has examined diurnal and
nocturnal habitat use concurrently. Further, the only published data on nocturnal habits of
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the species were collected in upland forests (Hurst and Lacki 1999; Menzel et al. 2001),
where habitat types differ from those available in bottomland hardwood forests.
Nocturnal habitat use by bats is driven by prey availability and structure and composition
of habitats (Hayes and Loeb 2007; Lacki et al. 2007a). Thus, even though dietary studies
have shown Rafinesque’s big-eared bat to be a moth specialist (Hurst and Lacki 1997;
Lacki and LaDeur 2001; Lacki et al. 2007a), it is not known whether habitat structure or
moth availability imparts a larger influence on nocturnal habitat use in this species. The
goal of our study was to examine foraging and roosting habits of adult female and male
Rafinesque’s big-eared bats in a landscape dominated by bottomland hardwood forests in
western Kentucky.

MATERIALS AND METHODS
Study Area
Our study took place on Ballard and Boatwright Wildlife Management Areas
(WMA’s) in Ballard County, Kentucky (37.091°N, -89.091°). The management areas
were part of the Ohio River floodplain and contain more than 8,000 ha of seasonally
flooded forests, lakes, and agricultural land. The WMA’s consist of several disconnected
land parcels distributed across the western edge of Ballard County. Dominant tree species
include bald cypress (Taxodium distichum), water tupelo (Nyssa aquatica), oaks
(Quercus spp.), and hickories (Carya spp.). Topography is predominantly flat and ranges
from 280 m to 350 m asl. Mean monthly rainfall in the area is 8.5–13.4 cm between April
and September (NOAA 2002). Mean monthly temperatures measured with HOBO
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dataloggers (model U23-002, Onset Computer Corp., Pocasset, MA) were 22.6°–27.8° C
between June and September 2009.

Capture and Radiotagging
We employed capture, handling and radiotelemetry techniques consistent with the
American Society of Mammalogists’ guidelines (Gannon et al. 2007) and approved by
the University of Kentucky Institutional Animal Care and Use Committee (IACUC No.
A3336-01). We captured bats at 12 locations across 19 nights of sampling in polyester
mist-nets (Avinet, Inc., Dryden, NY) placed over forest roads, lake edges, in an old
campground, and outside entrances to known Rafinesque’s big-eared bat roost trees. Nets
ranged in size from 2.6 m to 7.8 m high and 2.6 m to 18 m wide. We recorded age, sex,
reproductive condition, body mass and right forearm length for all bats. We aged bats as
adult or juvenile by examining ephiphyseal-diaphyseal fusions (calcification) of long
bones in the wing (Anthony 1988). We classified females as non-reproductive, pregnant
or lactating based on the presence of a fetus or teat condition (Racey 1988), and classified
males as non-reproductive or scrotal based on swelling of the epididymides (Racey 1988;
Krutzsch 2000). We fitted adult males and reproductive adult females with 0.42 g (model
LB-2N or LB-2N-T, Holohil Systems, Ltd., Carp, Ontario) radiotransmitters attached
between the shoulder blades using surgical adhesive (Torbot®, Cranston, RI).

Day-roosting
We tracked radiotagged bats to their day-roosts each day using TRX-1000S
telemetry receivers (Wildlife Materials Inc., Murphysboro, IL) and three-element yagi
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antennas (Advanced Telemetry Systems, Inc., Isanti, MN). We recorded day-roost
locations using a Garmin 60CSx handheld Global Positioning System (GPS) (Garmin
International, Inc.., Olathe, KS), and recorded a chronological account of each bat’s dayroost locations. We examined roost switching using two methods: dividing number of
roost days observed for individual bats by the number of times that bat switched roosts
(i.e., length of continuous residency), and calculating roost diversity (H′) for each
individual (Trousdale et al. 2008). Length of continuous residency (days), roost-diversity
(H′), distances traveled between consecutive roosts and distances between roosts and
capture sites for lactating and post-lactating females were compared using Wilcoxon tests
(SAS Institute 2001), with all tests based on a significance level of 0.05. Males were not
included in the analysis due to low sample size (n = 2), but mean values are reported.
We measured habitat characteristics of the roost tree and forested stands for each
day-roost tree following Baker and Lacki (2006). Habitat characteristics of roost trees
included tree species, diameter at breast height or above any basal swell, roost tree
height, number of cavities, maximum cavity height inside the tree, minimum cavity
height inside the tree, height of entrance to the main cavity, entrance dimension (length,
width and height), presence of basal cavity entrances, presence of a “top” cavity entrance
(broken tree tops, hollow knots or other cavities), presence of entrances along the tree
bole (broken tree tops, hollow knots or woodpecker cavities), dimensions of basal
entrances and whether or not the roost tree was alive or dead. Stand-level habitat
characteristics included canopy height, canopy cover (percent) and distance to the nearest
cavity tree. Distances were measured with meter tapes or laser rangefinders (Opti-Logic
Corp., Tullahoma, TN) for distances greater than 25 m, heights were measured with a
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laser hypsometer (Opti-Logic Corp., Tullahoma, TN), diameters were measured with a
dbh tape (Forestry Suppliers, Inc., Jackson, MS), and canopy cover was visually
estimated. Because many roost trees were located in standing water, trees were measured
in August when water level was near the summer minimum. Roosts trees were
categorized into roost types based on the location of entrances to the main cavity
following Rice (2009), with the addition of a fourth roost type. Roost trees were
classified as type I if possessing only a basal entrance to the main cavity, type II if
possessing basal and top entrances, type III if possessing a top but not a basal entrance,
and type IV if possessing only bole entrances to the main cavity. Habitat values for dayroosts used by lactating and post-lactating females were compared using Wilcoxon tests
(SAS Institute 2001). Habitat values were also compared among the four roost types
using Kruskal-Wallis tests; all tests were based on a significance level of 0.05. Dayroosts used by males were not included in analysis due to low sample size of radiotagged
males (n = 2), but mean values are reported.
We counted the number of bats inhabiting each roost through emergence counts,
visual inspection of trees with large basal openings, or by taking digital photographs of
tree cavities when possible. Emergence counts were conducted from 15 min prior to
sunset to ca. 1 hour after sunset with the assistance of night-vision goggles (ATN Corp.,
San Francisco, CA). We compared estimates of roosting bats among roost tree types
based on the maximum count for each roost known to be used by reproductive females
using Kruskal-Wallis tests, with tests based on a significance level of 0.05.
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Home Range and Nocturnal Habitat Use
Nocturnal locations of radiotagged bats were triangulated during the first 5 hours
of the evening to generate home range estimates and analyze habitat use. Two field
personnel communicating with hand-held radios took simultaneous bearings on
radiotagged bats at 2-min intervals, following an individual bat for no more than five
consecutive bearings (10 min) to reduce autocorrelation among locations (Swihart and
Slade 1985). Because some bats would often forage in the vicinity of their roost for the
first hour after emergence, before flying up to several kilometers to a different foraging
area, we distributed tracking efforts for each bat as evenly as possible across the 5-hour
period to ensure representation of all activity areas used during the tracking period.
Because the study area was predominately flat, radio-signals from transmitters were
never detected from distances greater than 1 km from the signal source during daytime
tracking efforts. As a result, personnel tracking bats at night could not establish
permanent telemetry stations from which successful bearings could be taken on several
bats throughout the night (Johnson et al. 2007). Instead, personnel tracked bats from
vehicles, moving to locations where a selected bat was known to forage to take bearings
before shifting locations to track a new bat. We ensured that each bat could be located
throughout the tracking period by following bats to various foraging areas as the night
progressed. A dense network of roads in the study area facilitated this approach, and
allowed personnel to select temporary tracking stations situated close to the signal source,
eliminating the need for a third person to ground-truth estimated locations (Johnson et al.
2007).
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Bearings were triangulated in Locate III (Nams 2006) and imported into ArcView
v3.2 (ESRI Corporation 1999). Triangulated locations were reviewed and locations
triangulated over 1 km away from either observer’s location were discarded, because
daytime tracking efforts found this to be the maximum effective transmitter range in the
local topography. Remaining locations were used to calculate 95 percent home ranges
using the fixed kernel method (Seaman and Powell 1996; Seaman et al. 1999), using least
square cross-validation (Worton 1989) and the Animal Movement Extension (Hooge and
Eichenlaub 1997). Day-roost locations were used in home range calculations, with a roost
used as a single location regardless of the number of days a bat occupied the roost. We
constructed a minimum number of nocturnal locations necessary to obtain stable home
range estimates (Aebischer et al. 1993) by calculating estimates for bats in 5-location
increments. We graphed the change in home range estimates and determined when the
graph reached an asymptote or oscillated about the mean. The mean number of locations
needed to stabilize home range estimates was used as the minimum number of locations
required to include a home range estimate for further analysis. We compared 95 percent
home range estimates for lactating and post-lactating females using a Wilcoxon test (SAS
Institute 2001) and a significance level of 0.05. Male home range was not analyzed due to
low sample size (n = 1).
Nocturnal habitat use was analyzed at the second and third order levels defined by
Johnson (1980) using the Euclidean distance method (Conner and Plowman 2001;
Conner et al. 2003). In this approach, second order habitat use refers to placement of
home ranges on the landscape, while third order use refers to use of habitats within home
ranges. We chose the Euclidean distance method because it inherently considers
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telemetry error in its calculations, takes patch size and shape into account, has a lower
type I error rate and does not require a defined study area for third order analysis (Conner
et al. 2003; Bingham and Brennan 2004). For second order analysis, we defined the study
area by creating a minimum convex polygon surrounding all bat locations using the
Animal Movement Extension (Hooge and Eichenlaub 1997) and then buffering this
polygon by the greatest distance any bat was observed traveling in a single night (4334
m). We selected five habitats for analysis based on the 2001 National Land-cover
Database (NLCD, available at http://kygeonet.ky.gov, see Homer et al. 2004): forested
and herbaceous wetlands (23.6 percent of study area), upland deciduous forests (14.5
percent), agricultural and open fields (45.9 percent), edges of fields and upland forested
areas, and edges of lakes and forested wetlands. Lakes composed 12.9 percent of the
study area; thus, we considered this habitat to be lake edge because habitat structure,
including edges, has been shown to influence habitat use in big-eared bats, and because
big-eared bats are less likely to forage over open water (Lacki and Dodd 2011).
Developed areas were not included in the analysis because they composed a small a
portion of the study area (3.1 percent) and, thus, were likely to be found avoided in the
analysis simply because these habitats were scarce on the landscape. We verified the
NLCD by comparing habitat polygons to 2008 aerial photographs
(http://kygeonet.ky.gov) and by driving and walking the study area. Only nocturnal
locations of bats with the minimum number of locations to generate home range
estimates were used for analysis. Due to low sample size of bats, we combined lactating
and post-lactating females for analysis. For second and third order analyses, mean
distances of random and bat locations to available habitats were compared using a
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multiple analysis of variance to determine if use differed from random (SAS Institute
2001). Where habitat use was non-random, habitats were ranked from closest to farthest
from bat locations using t-tests (SAS Institute 2001), with tests based on a significance
level of 0.05 (Conner et al. 2003, Conner and Plowman 2001).

RESULTS
We captured 23 adult (20 females, two males and one of unknown sex) and five
juvenile (four females and one male) Rafinesque’s big-eared bats between 9 June and 10
July 2009. We captured 61 percent (n = 17) over road corridors and in a forest gap
created by an abandoned campground. The remaining 11 bats were captured emerging
from two known roost-trees. Females were already lactating at the time the first
Rafinesque’s big-eared bat was captured; the first volant juvenile was captured on 1 July.
We radiotagged 13 adult female, eight lactating and five post-lactating, and two adult
male bats, one with the epididymides beginning to swell and a second with no sign of
swelling. Radiotransmitters increased wing loading of radiotagged bats by a maximum
4.9 percent (x̄ = 4.4 ± 0.1 [SE] percent) of body mass. Radiotagged bats were visually
monitored after release to ensure their flight capabilities had not been noticeably affected,
and briefly monitored with telemetry equipment to ensure that bats continued to fly after
passing out of sight.
We successfully tracked 14 of 15 radiotagged bats on 147 of 151 (97.4 percent)
potential roost-days before radiotransmitters were shed (x̄ = 10.8 ± 0.8 days). One
lactating female was not relocated during the day despite radio-signals being detected
during evening foraging bouts. No difference was found in length of continuous
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residency (P = 0.75), roost-diversity (P = 0.52), distances traveled between consecutive
roosts (P = 0.19) and distances between roosts and capture sites (P = 0.52) for lactating
and post-lactating females (Table 1).
Radiotagged bats were tracked to 34 day-roost trees, consisting of tree cavities in
29 bald cypress, four water tupelo, and one sweetgum (Liquidambar styraciflua). One
concrete bridge was regularly used by a radiotagged male. Roost trees were located in
flooded forests and along lake edges, with 30 of 34 tree roosts (88.2 percent) standing in
0.2 – 1.1 m of water at the time of discovery. Basal entrances often consisted of irregular
cracks and fissures in the tree bole, and accurate measurements of basal openings could
not be acquired on a consistent basis. Additionally, 15 (83.3 percent) of the roost-trees
with basal entrances were partially submerged in water, further preventing accurate
measurement of entrance dimensions. Twelve day-roosts were used by more than one
radiotagged bat; three of which were used by both lactating and post-lactating females,
and two by males and lactating females. No habitat characteristic differed among trees
used lactating and post-lactating females (Table 2). The majority of roost trees were type
II (44.1 percent) and type III (41.2 percent) trees (Table 3). Type II trees were shorter in
height (KW = 8.3 df = 3, P = 0.04) than type I trees, reflecting that many type II trees had
top entrances because of broken tree boles (minimum tree height was 4.7 m).
Roosting bats were counted during emergence on 21 roost-days, and by taking
digital photographs on 77 roost-days. While males were tracked to two day-roosts known
to be used by reproductive females, the maximum number of bats counted emerging from
a roost while a male was known to be present was two. Roost counts ranged from 1 – 96,
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with colonies of ≥ 20 bats counted at all four roost types (Table 4). No difference in
maximum roost count was detected among roost types.
The minimum number required for home range estimates to stabilize was 26.3 ±
2.1 locations. This minimum was collected for 11 females and one male bat (x̄ = 42.1 ±
2.8 locations) tracked during 3.3 ± 0.30 nights. No difference was detected in home range
estimates between lactating (178.5 ± 103.4 ha, range = 23.1 – 689) and post-lactating
(231.7 ± 60.7 ha, range = 83.5 – 454) females (P = 0.17). The only male home range
estimated was 8.1 ha. Second-order habitat use by females was non-random (Wilk’s
Lambda = 0.003, F = 365, P < 0.001). Telemetry locations were closer to forested and
herbaceous wetlands (t = 42.5, P < 0.001), upland deciduous forests (t = 19.3, P < 0.001)
and edges of lakes and forested wetlands (t = 13.5, P < 0.0001) than expected, and farther
from edges of fields and upland forests (t = 2.33, P = 0.04) and agriculture and open
fields (t = 2.68, P = 0.02) than expected. Home ranges were composed of 52.7 percent
herbaceous and forested wetlands, 22.0 percent upland deciduous forests, 15.7 percent
agriculture and open fields, 8.0 percent lakes, and 1.6 percent developed areas. Thirdorder habitat use by females did not differ from random (Wilk’s Lambda = 0.54, F = 1.0,
P = 0.47).

DISCUSSION
Use of large tree hollows as day-roosts by Rafinesque’s big-eared bats in
bottomland hardwood forests is well documented (Clark 1990; Lance et al. 2001;
Gooding and Langford 2004; Mirowsky et al. 2004; Trousdale and Beckett 2005; Carver
and Ashley 2008; Stevenson 2008; Rice 2009). Rafinesque’s big-eared bats primarily
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day-roosted in hollow bald cypress trees (85.3 percent of all tree roosts), similar to results
from east-central Mississippi (Stevenson 2008), where bald cypress was among the most
common tree species used despite constituting four percent of available cavity trees. In
northeastern Louisiana, Rice (2009) found Rafinesque’s big-eared bats roosting in only
two bald cypress trees, but this represented 66.7 percent of available cypress trees. Other
studies of Rafinesque’s big-eared bats have reported roost trees consisting primarily of a
single species, usually water tupelo (Gooding and Langford 2004; Carver and Ashley
2008; Rice 2009). Studies from east-central Mississippi (Stevenson 2008), southern
Mississippi (Trousdale and Beckett 2005) and west-central Louisiana (Lance et al. 2001),
however, found use of a wide variety of tree species as day-roosts, including bald
cypress, water tupelo, black tupelo (Nyssa sylvatica), magnolia species (Magnolia spp.),
sweetgum, oak species, American sycamore (Platanus occidentalis), and hickories.
While most studies have not compared roosts to random trees, the smallest mean
diameter of roost trees of Rafinesque’s big-eared bats reported is 79.4 cm (Trousdale and
Beckett 2005), and is often greater than 100 cm (Gooding and Langford 2004; Carver and
Ashley 2008; Rice 2009). Large diameter cavity trees may benefit Rafinesque’s big-eared
bats by providing large amounts of space for roosting bats, allowing for larger potential
colony sizes, or may exhibit more favorable microclimates. Rice (2009) found that
diameter and cavity height were positively correlated, with cavity height found to
influence the number of days roost trees were used. While we did not compare roost trees
to random trees, the large overall mean diameter (146.5 cm) of roost trees located in this
study supports previous research demonstrating the importance of large diameter trees.
We did not measure cavity height for type III and type IV roost trees. Regardless, mean
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cavity height for type I and II roosts was greater than heights reported elsewhere, likely
because our sample of day-roosts consisted of a larger number of completely hollow
cypress trees than were present in other studies (Stevenson 2008; Rice 2009). Additional
work comparing used and unused trees is needed to determine if cavity height is
significant in roost tree selection by Rafinesque’s big-eared bats in western Kentucky.
Although we found limited species diversity in day-roosts used by Rafinesque’s
big-eared bats, day-roosts were diverse in terms of roost type. This is in agreement with
two recent studies (Trousdale and Beckett 2005; Rice 2009) that had a larger focus on
radiotelemetry than previous studies (Clark 1990; Gooding and Langford 2004;
Mirowsky et al. 2004). Rice (2009) documented a decrease in use of type I and II roosts
from summer to winter, and that these roost types had less stable microclimates during
the summer and winter than type III roosts. Rice (2009) visually confirmed use of type III
roosts during the summer through emergence counts and during winter using
radiotelemetry, but variation in seasonal use of type III roosts was not quantified.
Regardless, type III roosts were used exclusively by radiotagged bats during an
exceptionally cold period. Trousdale and Beckett (2005) also found use of three roost
types during the summer months, locating 12 type IV roosts (85.7 percent), one type I
roost (7.1 percent) and one (7.1 percent) tree with a basal and bole entrance (most similar
to a type II roost). Not all telemetry studies have tracked Rafinesque’s big-eared bats to a
diversity of roost types. Carver and Ashley (2008) reported 96 percent (n = 24) of dayroosts were type I trees, Lance et al. (2001) reported 100% (n = 4) type I trees, and
Stevenson (2008) reported only roosts with basal cavities (type I or II; n = 49).
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Our data are limited to two summer months within one year, and it is uncertain
whether or not seasonal variation in use of roost types exists, or how these data compare
to day-roosting behavior of adult females during the remainder of the year. Additionally,
the number of day-roosts we located was limited, especially among type I and IV trees,
while variability in habitat characteristics of trees within each roost type was often
substantial. For example, type II trees ranged from 4.7 m – 25.3 m in height, including
trees with snapped tops above the surrounding canopy, and old trees in advanced stages
of deterioration. Thus, more research is needed to locate and characterize day-roost trees.
Regardless, findings of Rice (2009) suggest that thermal properties of cavities differ
among roost types, and vary seasonally within roost types. Intuitively, thermal properties
of cavities are likely influenced by the number and location of cavity entrances, and that a
diversity of roost types aids Rafinesque’s big-eared bats in enduring variable
environmental conditions throughout the year. Regardless, we recommend that future
work examine not only seasonal variation in cavity temperatures among roost types, but
also focus on thermoregulatory strategies among sexes and reproductive classes of bats
using these roost types.
Our observations of roost-switching in Rafinesque’s big-eared bats are similar to
other findings from bottomland hardwood forests. In northeastern Louisiana, Rice (2009)
found that radiotagged females switched roosts every 2.8 days from September through
November, similar to our results for lactating and post-lactating females. In South
Carolina, Lucas (2009) observed a lactating female and two juvenile males switching
roosts every 1.3 days, while we observed lactating females switching every 2.2 days.
Both Rice (2009) and Lucas (2009) reported males switching roosts less frequently, but
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our sample size for males was too small to compare to females. Trousdale et al. (2008)
reported switching every 2.6 ± 2.0 days (pooling data from all bats), and Stevenson
(2008) reported that 10 males and four females (ages and reproductive condition not
reported) switched roosts an average of three times (range = 1− 9) during tracking
sessions. We observed a range and mean of distances traveled between sequential roosts
similar to those reported by Trousdale et al. (2008) (x̄ = 573 ± 640 m, range = 120 –
4000) during the summer. Distances reported by Rice (2009) were somewhat smaller
than our results, ranging from 0 – 778 m (x̄ = 177) for males and 0 – 1726 m (x̄ = 291)
for females.
Our data represent the first published account of home range size and habitat use
of Rafinesque’s big-eared bats in bottomland hardwood forests. While we did not detect
differences in the size of home ranges between lactating and post-lactating females, our
sample sizes were small and we observed large variation in home range size. This
variation indicates a larger sample size is necessary to accurately characterize home range
sizes, and to test for differences among sexes and reproductive classes; thus, our inability
to detect differences should be treated with caution. Further, because no other data on
home range sizes of Rafinesque’s big-eared bat has been collected in bottomland
hardwood forests, comparison with home range estimates from other forested systems
(Hurst and Lacki 1999; Menzel et al. 2001) is of limited value.
We found that establishment of home ranges by reproductive female Rafinesque’s
big-eared bats was non-random and located closest to forested and emergent wetlands
and farthest from agriculture and open fields. These results are at least partly driven by
the importance of forested wetlands for day-roosting; Ballard and Boatwright WMA’s
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provided these bats with an “island” of conserved bottomland hardwood forest in a
largely agricultural landscape. Because home ranges consisted primarily of wetlands and
upland deciduous forests, with agriculture and open fields comprising a small percent of
home ranges, our results confirm that bats spent more time foraging in forested habitats
than in agricultural habitats. Hurst and Lacki (1999) found these bats preferred to forage
in oak and oak-hickory stands over other forested stands. Hurst and Lacki (1999) noted
that more than half of Noctuid moths in the genus Catocala, important prey items of
Rafinesque’s big-eared bats (Hurst and Lacki 1997), feed on oaks and hickories in their
larval stages, suggesting a partial explanation for the selection of oak and oak-hickory
stands for foraging by Rafinesque’s big-eared bats. Additional studies of moth families
commonly eaten by big-eared bats have found that the preferred prey species are more
positively associated with riparian or upland forests than open habitats and forest edges
(Burford et al. 1999; Dodd et al. 2008). Regardless, numerous studies have demonstrated
the use of habitats with edges or vertical structure for foraging by Corynorhinus bats
(reviewed in Lacki and Dodd 2011), including Rafinesque’s big-eared bat (Hurst and
Lacki 1999), suggesting some interplay between habitat use by a gleaning species of bat
and predator avoidance by moths (Lacki and Dodd 2011). We suggest that Rafinesque’s
big-eared bats in western Kentucky concentrated their foraging efforts in and adjacent to
wetland and upland deciduous forests in response to localized abundance of preferred
moth prey in these habitats. Insect sampling and dietary analysis are needed to confirm
this prediction, and determine the potential role of other factors, such as structural
benefits of foraging habitat, in nocturnal habitat use.
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Our data highlight the importance of bottomland hardwood forests for foraging
and roosting in Rafinesque’s big-eared bats. While larger sample sizes for various sexes
and reproductive classes and research earlier and later in the growing season are still
needed, data indicate that use of type III and IV day-roosts during the summer is
potentially underestimated in studies using cavity search methods, and shows that open
habitats, while used, are of lesser importance compared to upland and forested wetlands
as foraging habitats. We recommend studies that examine roost microclimates and
thermoregulation throughout the year to elucidate the advantages, if any, of various roost
types. We also encourage simultaneously examining diurnal and nocturnal behaviors of
Rafinesque’s big-eared bats to link use with availability and to make more sound
recommendations on how to protect and enhance habitat for this species.
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Table 2.1—Summary of roost-switching behaviors of Rafinesque’s big-eared bats during June and July 2009, Ballard County,
Kentucky. Data are presented as mean ± SE and range
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Lactating females

Post-lactating females

Males

Number of radiotagged bats

7

5

2

Number of days tracked

11.3 ± 1.3 (7–18)

9.6 ± 1.0 (7–13)

12.0 ± 3.0 (9–15)

Length of residency (days)

2.2 ± 0.3 (1–6)

2.7 ± 0.7 (1–8)

1.3 ± 0.04 (1–8)

Roost diversity (H′)

0.62 ± 0.09 (0.41–1.0)

0.53 ± 0.10 (0.22–0.75)

0.91 ± 0.09 (0.82–1.0)

Distance to next roost (m)

321 ± 214 (15.1–3389)

655 ± 178 (16.3–1107)

457 ± 334 (69.0–1473)

Distance from capture site (m)

490 ± 201 (60.4–3342)

570 ± 167 (62.1–1139)

297 ± 169 (65.2–1417)

Table 2.2—Mean and SE of habitat characteristics of day-roosts of Rafinesque’s big-eared bats during June and July 2009, Ballard
County, Kentucky
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Lactating female

Post-lactating female

Male

Number of roost trees

24

10

5

Diameter (cm)

150.5 ± 7.65

135.4 ± 11.8

150.6 ± 14.8

Tree height (m)

17.5 ± 1.2

17.9 ± 2.1

20.5 ± 3.3

Tree height – canopy height (m)a

0.04 ± 1.0

-0.9 ± 2.3

-0.2 ± 0.4

Canopy cover (percent)

27.7 ± 5.4

26.5 ± 8.8

20.0 ± 9.1

Type I trees (percent of total)

0.0

10.0

20.0

Type II trees (percent of total)

41.7

60.0

40.0

Type III trees (percent of total)

45.8

20.0

40.0

Type IV trees (percent of total)

12.5

10.0

0.0

Alive (percent of total)

83.3

60.0

100.0

Cavity height (m)b

13.5 ± 2.0

10.7 ± 1.6

13.1 ± 4.6

Number of cavity entrances

4.9 ± 0.77

7.0 ± 1.9

10.2 ± 4.7

Table 2.2—continued
Distance to nearest cavity tree (m)

33.0 ± 8.9

61.0 ± 28.9

20.8 ± 8.9

a

Measure of the difference between the tree height and the height of the surrounding canopy.

b

Cavity heights could not be measured for type III and type IV roosts, reducing sample sizes to 10 for lactating females, eight for

post-lactating females, and three for males.
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Table 2.3—Mean and SE of habitat characteristics of day-roosts of Rafinesque’s big-eared bats by roost type during June and July
2009, Ballard County, Kentucky
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Type I

Type II

Type III

Type IV

Number of roost trees

2

15

14

3

Diameter (cm)

98.2 ± 9.6

137.9 ± 7.2

155.5 ± 11.5

159.3 ± 10.6

Tree height (m)

29.7 ± 2.5

16.1 ± 1.5

17.7 ± 1.3

22.9 ± 3.3

Tree height – canopy height (m)

0.0 ± 0.0

−2.9 ± 1.7

1.5 ± 1.2

4.4 ± 3.4

Canopy cover (percent)

37.5 ± 12.5

27.3 ± 7.3

32.9 ± 7.5

13.3 ± 6.0

Alive (percent of total)

50.0

66.7

100

100

Cavity height (m)a

8.1 ± 2.5

13.0 ± 1.6

−

−

Number of cavity entrances

1.0 ± 0.0

7.4 ± 1.7

5.0 ± 1.3

6.0 ± 1.7

Distance to nearest cavity tree (m)

20.2 ± 7.2

49.1 ± 19.7

29.0 ± 12.9

65.2 ± 37.6

a

Cavity heights could not be measured for type III and type IV roosts.

Table 2.4—Summary of roost counts at day-roosts of Rafinesque’s big-eared bats by
roost type during June and July 2009, Ballard County, Kentucky
Type I

Type II

Type III

Type IV

Number of roosts counted

2

12

9

2

Total no. of nights counted

37a

43

9

3

Mean number of bats

5.5

23.5

5.9

27.7

Maximum number of bats

25

96

20

33

a

One male roost was counted 31 times, with a maximum count of one individual.
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CHAPTER THREE
SOCIAL NETWORKS OF RAFINESQUE’S BIG-EARED BATS (Corynorhinus
rafinesquii) IN BOTTOMLAND HARDWOOD FORESTS

Abstract―Understanding social relationships and organization in colonial bat species can
provide valuable insight into species ecology and potentially aid in conservation efforts
of rare bat species. We applied social network analysis to describe social relationships
and organization in 3 colonies of Rafinesque’s big-eared bat (Corynorhinus rafinesquii)
roosting in bottomland hardwood forests in Kentucky, USA. We radio-tracked 48 adult
big-eared bats to 64 day-roosts over 549 bat-days during the summers of 2009–2011. We
measured homophily, network centralization, density, transitivity, and core-periphery
structure of networks of bats sharing common roosts, and we measured degree centrality
of nodes (bats or roosts) within networks. Patterns of ties within each colony were
homophilous by sex (E-I Index = -0.87). Males were consistently the least central nodes
in bat networks. Bat network centralization ranged from 1.2–40% among colonies, and
roost network centralization ranged from 17–40%. The colony exhibiting the least
centralized and most dense bat network also occupied habitat with low roost availability.
This roost network was highly centralized, with bats frequently aggregating at a single
roost. The colony with the most centralized and least dense bat network occupied habitat
with a greater availability of roosts, resulting in diffuse networks of bats and roosts.
Transitivity decreased after young became volant in the colony with highest roost
availability. Our findings suggest social structure in colonies of Rafinesque’s big-eared
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bat is affected by the sex of individuals in colonies, reproductive season, and the
preponderance of available day-roosting habitat.

INTRODUCTION
Many bat species live in social groups commonly referred to as colonies (Kunz
and Lumsden 2003; Barclay and Kurta 2007; Kerth 2008). Social organization in these
colonies can often be described as dynamic, conforming to the fission-fusion model of
group behavior (Kerth and König 1999). Bats in fission-fusion colonies are dispersed
across numerous day-roosts, but form a social group larger than the bats inhabiting any
single roost. Each day, the colony either disperses into a larger number of smaller groups
(fission), or converges into a smaller number of larger groups (fusion), resulting in
complex relationships among colony members. Since the pioneering works of Wilkinson
(1985) and Kerth and König (1999), fission-fusion dynamics have been documented in
several bat species (O’Donnell 2000; Vonhof et al. 2004; Willis and Brigham 2004,
2005; Garroway and Broders 2007; Fortuna et al. 2009; Patriquin et al. 2010). Given the
widespread occurrence of fission-fusion behavior in bats, the challenge for researchers
now is explaining these behaviors and describing additional aspects of social structure.
Advantages to colonies exhibiting fission-fusion behavior are numerous. Bats
have the opportunity to roost alone or in groups, depending on behavioral or
thermoregulatory needs. Roosting socially can reduce the cost of maintaining high core
body temperatures, which can be especially important to reproductive females (Racey
and Swift 1981; Wilde et al. 1999; Willis and Brigham 2007). Roosting socially also
provides opportunities for complex social interactions and information transfer between
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roost-mates (Wilkinson 1984, 1992; Kerth and Reckardt 2003; Kerth et al. 2003).
Solitary roosts are less conspicuous to predators, present lower risks of ectoparasite or
disease transmission, and may present reduced competition (Lewis 1995; Safi 2008).
Furthermore, knowledge of ‘marginal’ roosts (i.e., those not suitable for large groups)
may provide bats with opportunities to expand their home range or foraging areas when
roosts are limited in availability or unevenly distributed on the landscape (Kunz and
Lumsden 2003; Barclay and Kurta 2007). Thus, familiarity with roosts suitable for both
social and solitary roosting provides bats in fission-fusion colonies with roosting options
meeting various, and sometimes conflicting, biological needs.
Because bats in fission-fusion colonies are asynchronously switching among
multiple roosts each day, individuals within the colony will naturally roost with some
colony members more frequently than others over time. The rate at which a pair of bats (a
dyad) roosts together has been used to quantify relationship strengths and describe
fission-fusion dynamics (Wilkinson 1985; Kerth and König 1999; Patriquin et al. 2010).
Strong relationships might result from a preference for specific roost-mates, specific
roosts, or preference for bats with similar characteristics, such as age or reproductive
condition (Wilkinson 1985; Willis and Brigham 2004; Patriquin et al. 2010). Explaining
strong and weak relationships may, therefore, elucidate why bats in fission-fusion
colonies reside in particular roosts each day.
Explaining social structure, however, extends beyond documenting strong and
weak ties. The number, nature, and density of ties among individuals in a social group are
just a few measures of social networks which can be applied to better understand social
structure and dynamics of bat colonies (Krause et al. 2007, 2009; Wey et al. 2008). Social
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network analysis provides a well established theoretical framework and methodologies
for understanding sociality by examining linkages among individuals, and has recently
been applied in studies of sociality in bats (Scott 2000; Fortuna et al. 2009; Patriquin et
al. 2010; Chaverri 2010; Kerth et al. 2011). Social network analysis encompasses
numerous research methods, many of which can be classified as nodal or network
measures. Nodal measures such as degree centrality focus on individual actors, and can
be used to determine the roles individuals play in their networks. Network measures such
as centralization and density analyze the overall patterning of ties, and can be used to
describe the overall structure or organization of a social group. Analyzing properties of
nodes and their networks holds substantial promise for explaining social organization in
bats beyond the fission-fusion model.
Rafinesque’s big-eared bat (Corynorhinus rafinesquii) is an uncommon, forestdwelling bat that uses hollow trees, buildings, bridges, cisterns, caves, and rock shelters
as day-roosting habitat throughout the southeastern United States (Barbour and Davis
1969; Jones 1977). Rafinesque’s big-eared bat is an ideal species for studying social
networks because individuals can roost solitarily or in groups ≥100 bats, including males
and females. Our objective was to use social network analysis to describe nodes and
networks of 3 colonies of Rafinesque’s big-eared bat and to look for commonalities and
differences in network measures among colonies. For nodal measures, we hypothesized
that (1) females would be more central than males because males benefit less from social
roosting, and (2) bald cypress (Taxodium distichum) roosts would be more central than
other tree species because bald cypress roosts provide large roosting space for social
“fusion.” We predicted that network measures such as centralization, density, and core-
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periphery would differ among colonies with varying availability of roosts, because bats
would be forced to roost socially more frequently under limited roost availability. We
further hypothesized that another network-level measure, transitivity, would vary
temporally, being greatest during lactation, when reproductive females are under the most
energetic stress and could experience the greatest benefits from roosting socially.

MATERIALS AND METHODS
Study Areas
Data were collected on the Ballard and Boatwright Wildlife Management Areas
(WMA’s) located in Ballard County, Kentucky (37.180° N, -89.029° W). The WMA’s
consist of several disconnected land parcels encompassing >8,000 ha of seasonally
flooded bottomland forests, lakes, and agricultural lands along the floodplain of the Ohio
River. Dominant tree species included bald cypress, water tupelo (Nyssa aquatica),
sweetgum (Liquidambar styraciflua), oaks (Quercus spp.) and hickories (Carya spp.).
Topography was predominantly flat and ranged from 280 m to 350 m above sea level.
Mean monthly temperatures for the region increase from 19.4° C in May to a peak of
26.2° C in July before falling to 21.2° C by September and 15.1° C in October (NOAA
2000). Mean monthly precipitation declines from 13.2 cm in May to 8.5 cm in
September. Flood waters from the Ohio River cover the WMA’s each year during spring
and winter. Historic flooding occurred during April and May 2011, reducing access to
much of the study area.
Data collection was concentrated within 3 areas of suitable big-eared bat habitat
within the WMA’s. These areas were separated by 3–16 km and neither radio-tagged nor
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banded bats were observed moving among these areas. Therefore, we considered each
area to support independent summer colonies. These colonies are hereafter referred to as
Mitchell Lake, Fish Lake, and Swan Lake, after prominent lakes in each area with large
concentrations of day-roosts along shorelines. We defined a colony as a group of bats
interacting, i.e., roosting together or visiting the same roosts, during the summer
sampling period.

Capture, Radio-telemetry, and Roost Measurements
All methods were approved by the University of Kentucky Institutional Animal
Care and Use Committee (IACUC No. A3336-01) and follow the American Society of
Mammalogist’s guidelines for use of wild animals in research (Sikes et al. 2011). We
captured bats in polyester mist nets (Avinet, Inc., Dryden, NY) placed over rivers, forest
roads, forest gaps, lake edges, and outside known day-roosts of Rafinesque’s big-eared
bats. We recorded age, sex, reproductive condition, body mass, and right forearm length
for all captured bats. We aged bats as adult or juvenile by examining ephiphysealdiaphyseal fusions of long bones in the wing (Brunet-Rossinni and Wilkinson 2009). We
categorized females as pregnant, lactating or post-lactating based on the presence of a
fetus or teat condition (Racey 2009). We categorized females with no sign of a fetus or
lactation as non-reproductive. We categorized males as scrotal or non-scrotal based on
swelling of the epididymides (Krutzsch 2000; Racey 2009). We banded bats for future
identification with individually numbered split-lip aluminum bat bands supplied by the
Kentucky Department of Fish and Wildlife Resources. Males were banded on the right
forearm and females on the left forearm. A subset of adult males and females were fitted
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with 0.42 g (model LB-2N and LB-2N-T, Holohil Systems, Ltd., Carp, Ontario) radiotransmitters attached between the shoulder blades using surgical adhesive (Torbot,
Cranston, RI; Perma-Type, Plainville, CT).
We attempted to locate all radio-tagged bats in their day-roosts by homing in on
radio signals using TRX-1000S telemetry receivers (Wildlife Materials Inc.,
Murphysboro, IL) and three-element yagi antennas (Advanced Telemetry Systems, Inc.,
Isanti, MN). We attempted to locate radio-tagged bats every day until transmitters had
fallen off or expired. We acquired geographic coordinates for all day-roosts with an
accuracy of 3 m using a handheld GPS (Garmin International, Inc., Olathe, KS). Roost
trees were identified to species, and roost habitat was measured as described by Johnson
and Lacki (2011). Chronological accounts of the day-roost locations of each bat were
recorded for the duration of the radio-tracking period. We quantified roost-switching
frequency by dividing number of roost days observed for an individual bat by the number
of times that bat switched roosts (i.e., length of continuous residency in a roost). Roostswitching data are only presented for bats which could be consistently located (≤ 1
consecutive day without being located). Roost-switching frequencies were compared
among sexes and reproductive class using analysis of variance (ANOVA) with a
significance level for difference of 0.05, and Tukey’s Honestly Significant Difference
(HSD) test when differences among groups were detected. We compared roost-switching
frequencies, pooling data from all bats within a colony, among the 3 colonies using the
same statistical procedure. We did not combine these tests into a single multi-way
ANOVA because not all reproductive classes were sampled at all colonies. Distances
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traveled between consecutive roosts were also compared among sexes and reproductive
classes, and among colonies using the same statistical procedures.
We counted the number of bats inhabiting each roost with emergence counts,
visually inspecting the interior of tree cavities, or by taking digital photographs of bats
inside tree cavities. Emergence counts were conducted from 15 min prior to sunset to ca.
1 hour after sunset with the assistance of night-vision goggles (ATN Corp., San
Francisco, CA). We compared maximum roost counts between bald cypress and water
tupelo roost trees (the only tree species with >2 roosts) using a Student’s t-test for
unequal variances with a significance level of 0.05. We conducted simultaneous counts at
as many roosts as possible on the same day to estimate our sampling effort for each
colony.

Social Network Analysis
Only data on radio-tagged bats were included in analyses. We constructed an
affiliation matrix for each colony containing data on which radio-tracked bats visited
each roost used by the colony. We transformed this two-mode, bat-by-roost matrix into a
bat-by-bat matrix using UCINET 6 (Borgatti et al. 2002). Thus, ties between bats were
created based upon which roosts each bat frequented, regardless of whether or not bats
cohabited roosts on the same day, forming a network hereafter referred to as a bat
network. Ties were weighted by the number of roosts a dyad of bats shared in common.
Person-by-event relationships are frequently used to quantify relationships among
persons in human networks when it is not possible to directly determine person-by-person
relationships (Bonacich 1972; Borgatti and Everett 1997). This approach is well suited
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for radio-telemetry data such as ours, in which bats were tracked for 1-3 weeks, and has
been applied elsewhere in bat research (Fortuna et al. 2009). We also transformed the batby-roost matrix into a matrix connecting day-roosts to one another based on the roostselection of radio-tagged bats hereafter referred to as roost networks (Fortuna et al.
2009). We mapped bat and roost networks for each colony using NetDraw in UCINET to
visualize ties among bats and their roosts. We examined bat network maps of each colony
to assess potential for the presence of subgroups.
Degree centrality of nodes for bat and roost networks in each colony was
calculated in UCINET. Degree centrality of a node is one of multiple measures of
centrality, and is defined as the total number of ties a node has to other nodes, regardless
of strength or weight of ties (Wasserman and Faust 1994). Nodes within a network are
not independent of one another, making nodal measures such as degree centrality autocorrelated among individuals. While various permutation tests are available in UCINET
to quantify differences in centrality among groups of actors, we had limited sample sizes
for each colony and for different demographic groups (bat reproductive classes and tree
species) within each colony. Thus, we elected to not test for statistical differences in
degree centrality among demographic groups. Instead, we calculated degree centrality of
nodes, with a separate analysis for each colony, and qualitatively examined which nodes
were most central in bat and roost networks.
We determined the core-periphery structure of the bat network of each colony in
UCINET based upon weighted ties. Core-periphery analyses divide networks into nodes
having a high density of ties among themselves (the core), and nodes having a lower
density (the periphery) (Borgatti and Everett 2000). We report the core-periphery fitness
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of each model to provide a qualitative measure of how well the algorithm separated core
from periphery nodes. A separate core-periphery analysis was conducted for each colony
using all radio-tracked bats, as well as analyses limited to bats tracked during gestation,
lactation, and post-lactation to assess how results vary when datasets are separated
temporally. Gestation was nearly completed when field work began in mid-May of each
year, concluding on 7 June, the earliest date lactating females were captured in this study.
Lactation occurred from 7 June through 1 July, the earliest dates juvenile bats were
captured in mist-nets among years of sampling. All dates after 1 July were considered
post-lactation. Females were considered as reproductive or non-reproductive for seasonal
core-periphery analyses because many bats radio-tagged as pregnant or lactating were
tracked for >1 week, often into the subsequent reproductive period.
We calculated network centralization and density in UCINET to assess the
hypothesis that network measures differ among colonies with varying roost availability.
One method for computing network centralization is based on Freeman betweenness
centrality (Freeman 1979; Wasserman and Faust 1994). Freeman betweenness measures
the number of times a node occurs along the shortest geodesic pathway between nodes,
and is an alternate measure of centrality that accounts for the fact that nodes may have
important roles as “gatekeepers” within networks without having a large number of ties
(Wasserman and Faust 1994; Scott 2000). Network centralization based on betweenness
is largely influenced by overall betweenness for a network as well as the maximum
possible betweenness, and is expressed as a percentage. We measured network
centralization for bat and roost networks to compare the extent to which networks were
focused around a few nodes. Network density is the number of observed ties divided by
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the number of possible ties (Scott 2000). We chose to measure density based upon a
dichotomized (un-weighted) transformation of the network. Because calculation of
network density requires knowledge of the total number of possible ties in the whole
network, our results can only be interpreted as a relative density based upon our sample
of radio-tagged bats.
We conducted a triad census for each colony during each reproductive period. A
triad census quantifies the number of transitive triplets (groups of 3 connected nodes), as
well as incomplete triads (having only 1 or 2 ties) and empty triads (Scott 2000).
Completed, or transitive, triplets indicate more social ties than incomplete or empty
triads. Triad censuses allow description of the types of ties that exist within a social
group. Specifically, if Node A is connected to 2 nodes (B and C), this measure describes
the likelihood that nodes B and C will also be connected given common social structure
of the network. We conducted these seasonal triad censuses for the bat network of each
colony to test our hypothesis that transitivity would be greatest during lactation. Males
were removed from these analyses because they were not sampled sufficiently among
colonies or reproductive periods.
We determined whether or not the pattern of ties within the bat network of each
colony was homophilous by sex using the E-I index in UCINET (Krackhardt and Stern
1988; Borgatti et al. 2002). Homophily is the tendency for nodes, i.e., bats in our study,
to associate with other nodes who share specific attributes, such as sex (Scott 2000).
Results from E-I Index analyses range from -1.0–1.0, with a value of -1.0 showing
complete homophily. We ran permutation tests with 10,000 iterations to test the
probability that observed E-I index values were greater than expected due to chance. We
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conducted separate analyses for each colony using all radio-tagged bats, but did not
conduct analyses for each reproductive period due to low sample sizes for males.

RESULTS
Capture, Radio-telemetry, and Roost Measurements
We captured 71 female (61 adult and 10 juvenile) and 16 male (8 adult and 8
juvenile) Rafinesque’s big-eared bats during 42 nights of mist-netting on the WMA’s
between May and September of 2009–2011. An additional 6 captures of Rafinesque’s
big-eared bats (5 female and 1 male) consisted of individuals that were previously
captured and banded. We radio-tagged 42 adult females (11 pregnant, 14 lactating, 11
post-lactating, and 6 non-reproductive) and 6 adult males. Radio-transmitters increased
wing-loading by an average of 3.9 ± 0.1% (SE); less than the 5% maximum loading
recommended by Aldridge and Brigham (1988). We were able to radio-tag bats from the
Mitchell and Swan Lake colonies during pregnancy, lactation, and post-lactation, but
spring floods prevented us from tracking bats from the Fish Lake colony during
pregnancy (Table 1). We tracked bats at the Fish and Mitchell Lake colonies from 2009
to 2011, but only tracked bats at Swan Lake in 2010.
We successfully located the 48 radio-tagged bats on 549 of 568 (97%) potential
roost-days (1 roost-day = 1 radio-tagged bat tracked for 1 day), for an average tracking
length per bat of 12.0 ± 0.5 (range = 5–21) days. Bats used 1–11 different roosts, with
63% of radio-tagged bats using ≤3 roosts, and 83% using ≤4 (Table 1). Bats switched
roosts every 3.0 ± 0.4 days (Table 2), with no difference among sex and reproductive
class (F4, 42 = 1.44, P = 0.24) or colonies (F2, 44 = 0.09, P = 0.92). Bats traveled 829 m ±
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112 between consecutive roosts, with distances varying among sex and reproductive class
(F4, 41 = 9.93, P < 0.001, Table 2) and among colonies (F2, 43 = 16.7, P < 0.0001, Table 1).
Data from 1 lactating female were not included in analyses due to an inability to
consistently locate her, and data from 1 male were not included in distance analysis
because he did not switch roosts over 16 d of radio-tracking.
We located 64 day-roosts consisting of 45 bald cypress, 13 water tupelo, 2 swamp
white oak (Quercus bicolor), 2 shellback hickory (Carya laciniosa), 1 sweetgum, and 1
concrete slab bridge. Twenty-three of 54 (43%) roosts used by females were used by
females of >1 reproductive class, and groups of Rafinesque’s big-eared bats were
observed in 31 of 54 female roosts (57%) during roost counts in >1 reproductive period.
Five roosts (8%) were used by both radio-tagged males and females. Southeastern myotis
(Myotis austroriparius) were not observed in 243 digital photographs taken inside
Rafinesque’s big-eared bat roosts; however, a southeastern myotis was captured exiting
big-eared bat roosts on 2 different occasions; both were captured exiting water tupelo
trees. Roost counts, therefore, consisted almost entirely of Rafinesque’s big-eared bats.
Maximum counts for female roosts ranged from 1–96 (mean = 18.3 ± 3.3, n = 43).
Maximum counts for male roosts ranged from 1–13 (mean = 2.9 ± 1.1, n = 15).
Maximum counts did not differ between bald cypress and water tupelo roosts (t = 1.57, df
= 44.1, P = 0.12). Sweetgum (n = 1), swamp white oak (n = 2), and shellbark hickory (n
= 2) roosts were not included in comparison of species due to small sample sizes.
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Social Network Analysis
Network maps of each colony suggest differences in network structure (Figure
3.1). We were only able to successfully model core-periphery structure for the Fish (coreperiphery fitness = 0.52) and Swan Lake (core-periphery fitness = 0.97) colonies to
exhibit a core-periphery structure, as the density of ties among bats at Mitchell Lake
(Figure 3.1a) prevented the algorithm from separating core from periphery (coreperiphery fitness = 0). Fish Lake was the only colony with a network map suggesting the
presence of subgroups within the colony (Figure 3.1b). Core-periphery analyses for the
Fish Lake colony all showed separation of core and periphery for seasonal and overall
analyses. Overall analysis placed 5 females (4 reproductive, 1 non-reproductive) into the
core, and 11 reproductive females and 4 males into the periphery. Analysis of bats
tracked during lactation (core-periphery fitness = 0.46) placed 7 females (6 lactating, 1
non-reproductive) into the core, and 6 reproductive females and 1 male into the
periphery. Analysis of bats tracked post-lactation (core-periphery fitness = 0.66) placed 2
reproductive females into the core, and 6 females (5 reproductive, 1 non-reproductive)
and 3 males into the periphery. Bats placed into the core from overall analyses were also
placed into the core for seasonal analyses. Core-periphery analysis of the Swan Lake
colony placed 3 reproductive females in the core and 2 reproductive females and 1 male
in the periphery. We did not analyze core-periphery structure of the Swan Lake colony
for each reproductive period due to low sample sizes. While the Mitchell Lake colony (n
= 22) had no core-periphery structure, the network map illustrates the separation of the 1
radio-tagged male from the 21 females.
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Radio-tagged bats at Mitchell Lake were caught at 4 different capture sites
(located away from roosts, n = 10 bats) and 4 different roosts (n = 12 bats). No more than
4 bats were radio-tagged from any 1 roost. Degree centrality of 22 bats radio-tagged at
Mitchell Lake (29% of the estimated colony size, Table 1) ranged from 6–22. The 1 male
had the lowest degree centrality while females had greater, and relatively uniform, degree
centrality values (21–22). Network centralization was lower than any other bat network
(Table 3), meaning the network was not centered on specific individuals (Figure 3.1a).
Estimated density was higher than any other bat network (Table 3), meaning that bats
were tied to a large number of bats within the colony.
Radio-tagged bats at Fish Lake were caught at 4 different capture sites (n = 14
bats) and 2 different roosts (n = 6 bats). No more than 4 bats were radio-tagged at any 1
roost. Degree centrality of 20 radio-tagged bats at Fish Lake (16% of the estimated
colony size, Table 1) varied from 1–10. The 4 males exhibited the 4 lowest degree
centrality values (1–4), but 4 reproductive females had equally low centrality. Bats with
the highest degree centrality included 1 non-reproductive (10) and 2 reproductive females
(9). These bats connected subgroups within the network (Figure 3.1b). Network
centralization was moderate compared to the other bat networks (Table 3), meaning the
network contained a small number of individuals (the 3 bats connecting subgroups)
serving as the shortest path between a large number of bats. Estimated density was lower
than the other bat networks (Table 3) meaning bats were not tied to a large number of
colony members.
Only 6 bats were radio-tagged at Swan Lake (6% of estimated colony size, Table
1), precluding analyses during reproductive periods (Figure 3.1c). All bats at Swan Lake
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were captured along forest roads with no knowledge of roost locations. Degree centrality
varied from 2–6, with the male exhibiting the lowest degree centrality. One female was
tied to all other bats in the network, resulting in relatively high network centralization
(Table 3). Estimated density was also relatively high (Table 3), meaning that most bats
were tied to others within the network.
Completed triads were the only triad type observed at Mitchell Lake during
pregnancy and post-lactation, but more triads were incomplete than complete during
lactation (Table 3). No empty triad was ever observed. The number of incomplete triads
at Fish Lake was moderate during both lactation and post-lactation, but more empty triads
and less complete triads were observed post-lactation than during lactation (Table 3). We
did not perform seasonal triad censuses at Swan Lake due to low sample size. Patterns of
ties among bats within colonies were significantly homophilous at Fish Lake (Table 3).
Fish Lake was the only colony where >1 male was radio-tracked, precluding homophily
analyses for the Mitchell and Swan Lake colonies.
Radio-tagging new bats at each colony added progressively fewer roosts at Fish
and Mitchell Lake, suggesting we discovered the majority of roosts used by these
colonies (Figure 3.2 and 3.3). Degree centrality of roosts at Mitchell Lake (n = 18) varied
from 3–14 (Figure 3.3a). Degree centrality of 12 roosts (67%) was < 5, and < 8 for 15
roosts (83%). A single bald cypress tree (B12R1) was a network “hub” (degree centrality
= 14), visited by 20 radio-tagged females (95%), and the only roost with a roost count
≥50 bats. Four pregnant females were radio-tagged at this roost. This hub produced
relatively high roost network centralization (40%). Estimated density of the roost network
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was also relatively moderate (0.31), as 10 roosts (56%) were visited by >1 bat and 5
roosts (28%) were visited by ≥5 bats.
Degree centrality of roosts at Fish Lake varied from 1–20 (Figure 3.3b). Eleven of
12 roosts with degree centrality >10, including 2 water tupelo trees, were visited by bat
B6, a lactating female that visited 11 different roosts, driving the high centrality of her
roosts by connecting many trees. Only 1 other bat used >5 roosts at Fish Lake. All other
roosts (n = 26) had degree centrality ≤10, leading to relatively low network centralization
(17%). The twelfth roost with degree centrality >10, a bald cypress, was 1 of only 2
roosts with a count ≥50 bats. This roost also had the highest count of any roost in the 3
colonies (n = 96 bats). No bat was radio-tagged at this roost, and it was visited by 38% (n
= 6) of radio-tagged females. The second roost with ≥50 bats had degree centrality = 9,
and was also not a site where bats were radio-tagged. Estimated roost network density at
Fish Lake was relatively low (0.19), as 17 roosts (45%) were visited by >1 bat, but only 2
(5%) were visited by ≥5 bats. Degree centrality of roosts at Swan Lake (all bald cypress)
ranged from 2–9. The roost with the lowest degree centrality (B36R2) was only visited
by the male, while 1 of the 2 roosts with a centrality of 9 (B22R3) was the only roost in
the network with a count of ≥50 bats. Network centralization was moderate compared to
other roost networks (20%), however, as 9 roosts (90%) were visited by >1 bat. The
estimated density was higher than any other roost network (0.73).

DISCUSSION
We found Rafinesque’s big-eared bats in bottomland hardwood forests of
Kentucky formed social networks with movements characteristic of fission-fusion
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behavior. Bats in 3 distinct colonies were dispersed among numerous roosts each day,
with some roosts serving as activity hubs. These roosts were important sites of “fusion,”
where bats likely maximized benefits of social roosting. Similar findings were reported
for colonies of white-striped free-tailed bats (Tadarida australis; Rhodes et al. 2006) and
giant noctule bats (Nyctalus lasiopterus; Fortuna et al. 2009).
At Mitchell Lake a diversity of tree species were used as roosts but only bald
cypress served as hubs, supporting our hypothesis that degree centrality is greater for bald
cypress versus other roost tree species. Two water tupelo trees had high degree centrality
at Fish Lake, but these roosts were only used by 1 female who influenced the centrality of
her roosts by using an atypically large number of roosts. All but 1 of the remaining roosts
at Fish Lake were bald cypress, making comparisons among species difficult. Regardless,
2 bald cypress did have noticeably high degree centrality and large roost counts (≥50
bats), further supporting the finding that centrality, and importance as sites of social
fusion of Rafinesque’s big-eared bats, was greatest for bald cypress roosts. Bald cypress
was the only tree species used for roosting at Swan Lake, despite availability of other tree
species.
Bald cypress roosts averaged 164 cm (± 5.1 SE) in diameter, always presented
access to the main cavity by either broken tops or holes located along the bole, and were
always hollow for the entire length of the tree bole. Thus, bald cypress roosts offered
large cavities for social groups to aggregate in throughout the year. In our study, all roost
counts ≥25 bats were observed in bald cypress trees, with counts for 4 roosts ranging
from 50–96 bats. Water tupelo roosts averaged 101 cm (± 6.0) in diameter and often
presented only basal access to the main cavity (n = 3 trees, 23%). These entrances
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remained covered by flood waters until mid-June and became re-submerged during heavy
rains, frequently making them unavailable for roosting. We also suspected these roosts
presented heightened risks of predation, as black rat snakes (Elaphe obsoleta) were
occasionally photographed or observed entering or inside roosting cavities.
Results for the Mitchell and Fish Lake networks supported our hypothesis that
roost availability influenced network measures. While we did not quantify the availability
of bald cypress roosts, this tree species often occurred in “clumped” distributions around
the edges of lakes. This patchy distribution was especially evident at Fish Lake, where
large, hollow bald cypress trees were found in several clusters, including 2 clusters of 13
and 17 bald cypress roosts occurring within 0.1 ha. Conversely, only 3 bald cypress trees
were used by the Mitchell Lake colony, and we only located 2 bald cypress trees ≥70 cm
in diameter (both used by bats) within 2 km of the hub roost in the area surrounding
Mitchell Lake, suggesting a limited availability of alternate roosts. We postulate that the
low centralization and density of the roost network at Fish Lake, alongside the high
centralization and low density of the bat network, are indicative of Rafinesque’s bigeared bat networks in the presence of high densities of preferred roost trees. Limited
availability of preferred roosts resulted in increased centralization of roost networks
surrounding available cypress roosts (i.e., B12R1), as well as increased density of ties
among bats and roost trees and decreased centralization of bat networks. Preferred roost
trees may not always be bald cypress, as greater reliance on water tupelo by Rafinesque’s
big-eared bats has been reported in other studies (Gooding and Langford 2004; Carver
and Ashley 2008; Rice 2009). Roost availability was also found to influence social
networks of Spix’s disc-winged bat (Thyroptera tricolor) in Costa Rica (Chaverri 2010).
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Chaverri (2010) concluded that several aspects of network structure, including clustering
coefficient, betweenness, and path length, varied among social networks in a “nearly
linear fashion” with roost availability.
While an increased centralization of roost networks and decreased centralization
of bat networks at Mitchell Lake may seem counter-intuitive, it is readily explained by
the observation that many bats were tied to one-third of the bat network, but only 1 roost
was tied to more than one-third of the roost network. Networks with low centralization
will not exhibit a core-periphery structure, as demonstrated by the bat network at Mitchell
Lake, because so many actors share ties to one another, preventing the emergence of a
core group. The presence of a core-periphery structure at Fish Lake, but not at Mitchell
Lake, provides further support for our hypothesis that network-level measures will differ
among colonies inhabiting areas with varying roost availability.
We found consistent support among colonies for our hypothesis that adult females
were more central than males in networks of Rafinesque’s big-eared bats. Patriquin et al.
(2010) found that centrality differed among age classes of northern myotis (Myotis
septentrionalis) in Nova Scotia. Older bats may have more knowledge of the landscape
than younger members of the colony, visiting roosts spread across a large area and
linking distinct subgroups (but see Kerth et al. 2011). We observed high degree centrality
in both reproductive and non-reproductive females, suggesting that reproductive status
does not influence centrality. In a study of big brown bats (Eptesicus fuscus), however,
dyads of reproductive females had stronger ties than dyads of a reproductive and a nonreproductive female (Willis and Brigham 2004). While degree centrality is not
comparable to relationship strength, high centrality of non-reproductive female
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Rafinesque’s big-eared bats suggests these individuals roost with many reproductive
members of the colony.
While we found that our hub roosts were visited by large numbers of females,
males were never radio-tracked to these roosts. This apparent avoidance by males of
roosts with large concentrations of bats influenced the homophily E-I Index value at Fish
Lake and low degree centrality of males in all colonies. Males may benefit less from
social roosting than females, and might avoid roost with large social groups to avoid
competition, contracting ecto-parasites, or visiting roosts which may be more noticeable
to predators. It is important to note, however, that males frequented not only solitary
roosts, but also roosts inhabited by small groups (≤10 bats) that included females. All
colonies used several roosts with maximum roost counts ≤10 bats, and the role of roosts
less frequented by the colony is less clear than the role of central hubs. These roosts may
be suitable alternatives when social roosting is not a priority, and may serve as important
links between subgroups or colonies separated by large distances. These links may be
especially important for conservation in areas such as Mitchell Lake where roost
availability is limited. Alternative roosts may also provide opportunities for bats to
expand their home ranges and access valuable foraging areas located far from central
roosts. Rafinesque’s big-eared bats, which have wing morphologies better suited to
maneuverability versus long-distance flight (Norberg and Rayner 1987), may be
especially sensitive to loss of alternative roosts across the landscape.
Seasonal triad censuses found conflicting support for our hypothesis that
transitivity would be greatest during lactation. Results from Fish Lake supported this
hypothesis, as empty triads increased, and transitive triads decreased, in post-lactation.
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We postulate that decreased transitivity of bats during post-lactation at the Fish Lake
colony was associated with the decreased energetic constraints of females following
volancy of young (Speakman 2008). Females may disperse into a larger number of roosts
during this period of time, reflected in decreased transitivity. Data from the Mitchell Lake
colony did not support this hypothesis, however, as lactation was the only period during
which all triads were not completely transitive. This resulted from roost selection of 5
bats radio-tagged during pregnancy in 2011, where bats were radio-tracked for <1 week
into lactation. These bats used the hub roost during pregnancy, but did not return to the
hub roost during lactation, with all bats roosting together in a water tupelo tree during the
remainder of the telemetry period. This resulted in no observed ties among bats radiotracked during the lactation periods of 2010 and 2011. When data from Mitchell Lake are
analyzed by study year, 100% transitivity is found during all reproductive periods. While
these findings do not support the hypothesis that transitivity is greatest during lactation,
we postulate that the Mitchell Lake colony had less potential to disperse due to a limited
availability of preferred roosts.

Network Analysis and Radio-telemetry Data
Our results should be tempered with the understanding that a small percentage of
bats in each colony was radio-tracked over a relatively brief period (1–3 weeks). Shortterm datasets, such as those collected by radio-telemetry, provide limited insight into the
frequency with which a radio-tagged bat may associate with other radio-tagged bats. For
this reason, we elected not use to an association index, and instead focused on network
characteristics. Association indices are frequently used to determine the rate at which a
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dyad interacts, or, in the context of our research, roosts together (Wilkinson 1985; Kerth
and König 1999; Vonhof et al. 2004; Garroway and Broders 2007; Patriquin et al. 2010).
Thus, the association index quantifies the strength of the relationship between the bats
based upon how frequently they roost together. We suggest that determining relationship
strength based upon short time intervals, such those in ours study, may yield misleading
results, as 1–3 weeks of data is such a small proportion of the summer maternity season.
Studies of sociality, however, need not focus on quantifying relationship strength. We
propose examining network structure using two-mode data as an alternative for studies of
sociality, similar to Fortuna et al. (2009). Studies incorporating two-mode data
investigate the ties between two sets of nodes (i.e., bats and roosts). Two-mode data such
as person-by-event relationships are frequently used to quantify relationships among
persons in human networks (Bonacich 1972; Borgatti and Everett 1997) and need not be
discounted for use in the study of animal networks. Two-mode not only provides an
alternative approach to association indices when the researcher is not confident that the
data permit accurate assessment of dyadic relationship strength, but also allows for
consideration of which bats interact at specific roosts.
In our study, we were able to locate the majority of roosts used by the Fish and
Mitchell Lake colonies, and the majority of radio-tagged bats in these areas demonstrated
high fidelity to fewer than 3 or 4 roosts. Using two-mode data for network analysis
provides a methodology which incorporates data on which roosts provide opportunity for
social interaction among specific bats, given shared preference for specific roosts. At Fish
Lake, roosts were spread across a wide area, and our use of two-mode data provided
insight into how this colony is composed of regional sub-groups. Use of two-mode data
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also provided insight on which bats and which roosts connect these various subgroups.
Conversely, the scarcity of roosts at Mitchell Lake resulted in the majority of radiotagged bats having opportunity for interaction at a small number of roosts. We contend
that these two-mode data can safely be pooled across a small number of study years
because day-roosts were long-lived in our study. This is illustrated by the fact that only 1
roost, an oak used by 1 female at Mitchell Lake, became unavailable (felled by a storm)
or became unused by big-eared bats during our 3-year study. Cypress and water tupelo
roosts are likely to have long life-spans as roosts because they are typically living trees
(Johnson and Lacki 2011). Thus, these roosts serve as points of social interaction for
many years, and use of these roosting locations in a two-mode analysis of network
structure is well justified. Furthermore, whether or not bats are radio-tracked
simultaneously is irrelevant because we are not interested in how often bats are
interacting with one another, only how many roosts they prefer in common. This allows
for inferences on network structure, not but the nature of relationship strength.
Fifty-five percent of bats radio-tagging at Mitchell Lake, and 30% of bats radiotagged at Fish Lake, were caught and radio-tagged after exiting day-roosts. While 4 bats
were radio-tagged exiting the hub roost at Mitchell Lake, as well as 1 roost at Fish Lake,
the resulting bias on estimates of roost centrality appears to have been minimal. For
example, 16 females not radio-tagged at the Mitchell hub roost did roost there on >1 day,
supporting our conclusion that this was an important site of social interaction.
Furthermore, 8 bats were radio-tagged at 3 different roosts which did not exhibit high
degree centrality. Neither of the 2 roosts where bats were radio-tagged at Fish Lake had
high degree centrality (both < 10), and the roost visited by the greatest number of radio-
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tagged bats was not a location where bats were radio-tagged. The bias on bat centrality is
clearly negligible at Mitchell Lake, where all 21 females had a degree centrality of 21 or
22, despite originating at a mix of day-roosts and capture sites. At Fish Lake, 4 of 6
females with degree centrality >8, including the bat with highest degree centrality, were
radio-tagged at capture sites, showing bats radio-tagged together at roosts did not have
greater degree centrality.
Accurate assessments of network density and subgroup membership rely on
knowing the total number of ties and accurate tie strengths. These assessments can be
misleading when data on the whole-network is lacking (Kossinets 2006). We did not
calculate relationship strengths to delineate subgroups (Wilkinson 1985; Kerth and König
1999; Vonhof et al. 2004; Garroway and Broders 2007; Patriquin et al. 2010; Kerth et al.
2011) or explain the strength of ties among sexes or reproductive classes (Willis and
Brigham 2004, 2005) to avoid reporting results which may be heavily influenced by
sampling bias. We did, however, report estimated values for network density for
comparative purposes. Our estimates of colony size for the 3 areas show the social group
was much larger than our sample size of radio-tagged bats, suggesting estimated density
of bat networks should be interpreted with caution. Roost networks, however, were likely
complete for the Mitchell and Fish Lake colonies, as evidenced by the declining
discovery rate of new roosts.

Conclusion
Our study found that Rafinesque’s big-eared bats formed social networks and
exhibited fission-fusion behaviors in bottomland hardwood forests. The pattern of ties in
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these networks was influenced by sex, with males apparently choosing limited daytime
association with females during the period of study. Other characteristics of these social
networks were influenced by the availability of large, hollow bald cypress trees for dayroosting. Colonies occupying forests with patches of suitable bald cypress roosts formed
subgroups connected by a small number of bats serving as important linkages among
various social groups. Fragmentation of suitable roosting habitat with bottomland
hardwood forests may isolate these subgroups, with unknown impacts to populations.
These findings highlight the utility of social network analysis in bat research, and provide
some insight into the impact of study design and analysis. Our analyses also illustrate
how two-mode networks can be used to study social organization when datasets
collecting daily, long-term roost locations of bats are lacking, preventing reliable
assessments of relationship strength. These datasets are often difficult to collect, and
studies of social networks need not focus solely on relationship strength. We encourage
further use of social network analysis in bat research, with particular emphasis on the role
of roost availability and habitat fragmentation.
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Table 3.1―Summary of radio-telemetry data by colony for Rafinesque’s big-eared bats
radio-tracked in Ballard County, Kentucky, from May–September, 2009–2011. Where
appropriate, data are Mean ± SE.
Mitchell Lake

Fish Lake

Swan Lake

Estimated colony size

75

125

100

Number of roost trees

18

36

10

Number of cypress roosts

3

32

10

Total bats radio-tracked:

22

20

6

Males

1

4

1

Pregnant females

9

0

2

Lactating females

0

12

2

Post-lactating females

7

3

1

Non-reproductive females

5

1

0

During pregnancy

9

0

2

During lactation

10

14

4

During post-lactation

13

11

2

3.2 ± 0.3

2.8 ± 0.8

3.0 ± 0.8

1343 ± 154 A

413 ± 108 B

190 ± 37 B

Roost-switching frequency (d)
Distance between consecutive
roosts (m)
A, B

Within row, means without common letters are different (P < 0.05).
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Table 3.2―Length of continuous residency and distance from previous roosts (Mean ±
SE) of sexes and reproductive classes of Rafinesque’s big-eared bats radio-tracked in
Ballard County, Kentucky, May-September, 2009–2011.
Demographic (n)

Length of Residency (days) Distance from Previous (m)

Males (6 / 5)*

4.8 ± 2.3

223 ± 144 A

Lactating females (13)

2.0 ± 0.2

346 ± 122 A

Post-lactating females (11)

2.9 ± 0.5

690 ± 94 A, B

Non-reproductive females(6) 3.3 ± 0.8

1170 ± 85.4 B, C

Pregnant females (11)

1628 ± 290 C

3.2 ± 0.5

* Data from 6 males were used in residency analysis; data from 5 males were included in
distance analysis.
A, B, C

Within column, means without common letters are different (P < 0.05).
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Table 3.3―Network statistics for 3 colonies of Rafinesque’s big-eared bats radio-tracked
in Ballard County, Kentucky, May-September, 2009–2011.
Measure

Mitchell Lake

Fish Lake

Swan Lake

Homophily

―

-0.87*

―

Centralization (%)

1.2

16

40

Pregnancy

0.0

―

―

Lactation

0.0

19.1

―

Post-lactation

3.8

4.0

―

0.93

0.24

0.73

Pregnancy

1.00

―

―

Lactation

0.36

0.31

―

Post-lactation

0.88

0.13

―

Pregnancy

100/0/0/0

―

―

Lactation

17/0/83/0

9/12/51/28

―

Post-lactation

100/0/0/0

2/3/52/43

―

Density

Completed triads (%)a

** P < 0.05
a

results are expressed as percent of triads transitive / 2 ties / 1 tie / empty
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Figure 3.1―Bat network maps of the Mitchell (a), Fish (b), and Swan (c) Lake colonies
of Rafinesque’s big-eared bats in Ballard County, Kentucky. Open circles represent
females and filled squares represent males. Bats in the upper left corner of the Fish Lake
network never visited roosts used by the remainder of the colony and, thus, had no
network ties.
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Figure 3.2―Discovery of new roosts of Rafinesque’s big-eared bats with increased radiotelemetry effort at the Mitchell Lake (a), Fish Lake (b) and Swan Lake (c) colonies in
Ballard County, Kentucky.
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Figure 3.3―Roost network maps of the Mitchell (a), Fish (b), and Swan (c) Lake
colonies of Rafinesque’s big-eared bats in Ballard County, Kentucky. Open circles
represent bald cypress and filled squares represent water tupelo; all other species are
represented by hatched diamonds.
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CHAPTER FOUR
A REVIEW OF METHODS USED TO INVESTIGATE SOCIALITY IN BATS

Abstract―Many bat species are known for being gregarious, forming mixed- or singlesex social groups commonly referred to as colonies. The number of studies investigating
sociality (social interactions, relationships and organization) in bats is rapidly increasing,
with studies ranging from basic descriptions of the number of males and females within
social groups to studies using social network analysis. Studies of sociality in bats are
taking increasingly diverse approaches to data collection, analysis and interpretation,
leaving researchers with an array of perspectives on how to conduct future research.
These perspectives are difficult to synthesize, but an integrated understanding of
pioneering works in this field should help researchers build upon what is already known
about sociality in bats and formulate new hypotheses. Herein we provide a review of
methodologies used to measure relationships and describe social structure in bats. We
review assumptions, sources of bias, strengths and limitations of these methods. We
emphasize that while all of the reviewed methods are well suited for assessing social
interactions and relationships each method will impact analyses of social structure and
should be considered carefully. We encourage further use of social network analysis as a
framework for conceptualizing, designing and analyzing studies of bat sociality. We do
not advocate any single network analysis methodology, as network analysis is continually
evolving and no one technique is well suited for all research questions. Instead, we
recommend several specific network measures we believe are appropriate for different
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types of research questions and datasets and discuss the strengths and limitations of
popular analyses.

INTRODUCTION
Researchers have sought to understand social organization in animals for decades
(Hinde 1976). Recently, implementation of social network analysis methodologies and
concepts has inspired many researchers to approach the study of animal sociality with
new perspectives (Krause et al. 2007; Croft et al. 2008; Wey et al. 2008; Whitehead
2008; Krause et al. 2009). Social network analysis is defined by Scott (2000) as the
expression of relationships through linkages between individuals. Social network analysis
provides many powerful tools for studying and understanding animal social patterns and
has been used to describe social organization in numerous taxa, including bats, a
mammalian order notable for the number of species exhibiting complex social behaviors
(Kerth 2008). The popularity of social network analysis in bat research is likely to
increase as research questions transition from quantifying nonrandom associations
between bats (Wilkinson 1985; Kerth and König 1999; O’Donnell 2000; Vonhof et al.
2004; Willis and Brigham 2004; Garroway and Broders 2007; Rhodes 2007; Metheny et
al. 2008), to unraveling the patterning behind those associations and what it reveals about
social structure (Chaverri et al. 2010; Patriquin et al. 2010; Johnson et al. 2012).
This transition can be facilitated by understanding how studies investigating
social behaviors in bats fall into a framework for understanding sociality. To provide
such an understanding, we review these studies in three sections corresponding to the
framework Hinde (1976) developed for understanding animal sociality: interactions,
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relationships and structure. Our review focuses on methodologies, not results, as a recent
review of sociality in bats already exists (Kerth 2008). We review assumptions, sources
of bias, strengths and limitations of methods assessing sociality in bats, highlighting the
potential of social network analysis. We illustrate how studies examining social structure
rely not only on the strength of these methods, but are also influenced by methods used to
assess interactions and relationships.
This review focuses on methods used to assessing sociality in bats while dayroosting in the wild. We reviewed only studies quantifying interactions, relationships or
social structure in bats, and did not review studies simply describing sex ratios, group
size, or mating systems in order to keep our review focused and concise. Throughout our
review we define a colony as any group of bats forming relationships during a
measureable and biologically meaningful time period. This time period can be as specific
as gestation or as generic as the duration of research. Under this definition, a summer
colony includes all bats occupying the same summer range that have a series of social
interactions. A subgroup is a level of social organization within a colony, where bats
within a subgroup form stronger relationships than with bats outside the subgroup.

INTERACTIONS
Interactions are the foundation of social structure (Hinde 1976). Animals
interacting on a series of occasions form relationships, and it is “the nature, quality and
patterning of relationships” that describes social structure (Hinde 1976). Thus, any study
of social relationships or structure must begin with some assessment of interactions.
Assessments range from determining if two bats (a dyad) occupy the same roost, to direct
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observations of bats interacting while roosting (Tables 1–3). In this section we review
methods used to collect and analyze data on bat social interactions, with commentary on
how these data may also be used to study relationships.
The simplest method used to assess interactions between two bats is to treat days
when both bats cohabitate the same roost as an interaction and to treat days when the
dyad roosts apart as the absence of an interaction. It is assumed that all interactions
(cohabitation days) have equal weight and direction and that all bats in the roost are
interacting equally with one another. These assumptions are often essential, as observing
bats inside their roosts is logistically challenging in many settings, such as underneath
plates of exfoliating tree bark. These are acceptable assumptions for studies using the
frequency of interaction to measure the strength of a dyad’s relationship (see
Relationships). Frequency of cohabitation has yielded many insights into bat
relationships, and the methodology is well suited for studies locating marked bats using
radiotelemetry, passive integrative transponders (PIT tags), capture censuses, or roosts
searches (Table 2).
Interactions (and, therefore, relationships) may not always be fully understood by
measuring frequency of cohabitation, as some bat species exhibit complex interactions
while roosting. The most notable example is the common vampire bat (Desmodus
rotundus). Common vampire bats share blood meals and groom one another, but these
behaviors do not occur randomly or equally among all bats cohabiting a roost (Wilkinson
1984, 1986). Complex social interactions have been observed in other bat species,
including Bechstein’s bats (Myotis bechsteinii: allogrooming and nose rubbing, Kerth et
al. 2003), evening bats (Nycticeius humeralis: cooperative care of young, Wilkinson
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1992) and Jamaican fruit-eating bats (Artibeus jamaicensis: allogrooming and aggression,
Ortega and Maldonado 2006) (see Kerth 2008 for review). In contrast, species such as the
lesser long-nosed bat (Leptonycteris curasoae), did not exhibit complex social
interactions (Fleming et al. 1998).
Researchers quantifying interactions beyond cohabitation have used visual
observations of roosting bats as well as video recording using infrared cameras (Table 1).
Visually observing bats and documenting behaviors for an extended period of time is
challenging, and while recording behavior with infrared cameras is less time-intensive in
the field, it yields hours of footage which require viewing. Studies visually monitoring
bats often make ad libitum behavioral observations, collecting as much data as possible
throughout the duration of the study without clearly defined protocols for sampling
duration, frequency, etc. (Table 1). These studies recorded all interactions occurring
among bats during the observation period, identifying which bats interact with one
another as well as the nature of interactions, by previously marking bats with color
forearm bands. Studies recording behaviors with infrared cameras, conversely, observed
bats at specific times or for an entire 24 hr period (Table 1). Because behavioral data are
collected over variable time periods, these data are typically reported and analyzed as
frequencies.
Duration of observation bouts is less important than the timing of observations,
which can occur during the active (night) or inactive (day) period. Determination of an
appropriate observation period can be based on preliminary observations of behaviors, as
exemplified by Kerth et al. (2003). Fleming et al. (1998) did not report any preliminary
observations, but recorded activity for 24 hr periods on several pre-determined days,
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ensuring that all behaviors would be recorded. While Fleming et al. (1998) recorded few
interactions among adults, they reported the timing of behaviors such as nursing and selfgrooming, showing those behaviors did not occur randomly throughout the 24-hr cycle.
Seasonal variation in interactions should also be considered. Many studies focus on
interactions among females during the reproductive season, reflecting interest in
interactions between mothers and their young, as well as interactions between less related
members of maternity groups. Interactions may vary seasonally, and interactions among
males in bachelor colonies may be different than that of females in maternity colonies
(Safi 2008). Thus, we recommend studies of complex interactions consider the seasonal
and daily timing of observations prior to full-scale research to effectively focus sampling
efforts (see Kerth et al. 2003).
Complex interactions often have direction. Using the example of food sharing,
one bat shares blood with a roost-mate, providing a directional interaction from the donor
to the recipient. Wilkinson (1984) recorded the direction of these interactions and
hypothesized that reciprocation would be influenced by the degree of relatedness and
previous association between individuals. Determining which dyads have symmetrical
(reciprocal sharing), asymmetrical (no reciprocation) and no sharing histories can be used
to evaluate relationships and create directed networks (see Structure). Ortega and
Maldonado (2006) recorded the direction of affiliative (grooming and licking) and
aggressive (chasing, wing-flicking and biting) interactions between females within a
harem of Jamaican fruit-eating bats, showing the direction and intensity of these
interactions were influenced by females’ position in the cluster. These examples
demonstrate how relationships can be varied within a roost and that determining
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frequency of cohabitation, while informative, may only serve as a superficial
understanding of dyadic relationships in some species.
Not all social interactions can be observed during visual observation or video
recordings at day-roosts. For example, recent studies show that some bat species are
capable of discriminating between calls of familiar and unfamiliar individuals (Carter et
al. 2009; Voigt-Heucke et al. 2010; but see Siemers and Kerth 2006), and that an
exchange of social calls can attract potential roost-mates to a roost (Arnold and
Wilkinson 2011; Furmankiewicz et al. 2011). Additionally, bats may night-roost in small
groups while away from day-roosts (Ormsbee et al. 2007). Night-roosts present an
opportunity for social interactions that have been observed in several species (Barclay
1982; Rhodes 2007; Ormsbee et al. 2007). Rhodes (2007) speculated that failure to
incorporate nighttime interactions when assessing social relationships of white striped
free-tailed bats (Tadarida australis) resulted in relationships being assessed inaccurately.
We encourage researchers studying vocal interactions and interactions outside the dayroost to use these data to assess relationships, as is done with frequency of cohabitation
data.
The diversity of social interactions in bats demonstrates the need for further study
in this area. We do not advocate any specific methodology for measuring social
interactions, as each of the methods discussed above can be successfully applied to
different questions. However, we emphasize that interactions are the foundation of social
relationships and structure, and how researchers assess social interactions will influence
analyses of higher levels of sociality. As speculated by Rhodes (2007), failure to account
for important interactions may yield misleading results. As discussed in the next section,
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relationships in bats are most commonly measured by cohabitation, but the direction and
nature of interactions might serve as a more appropriate basis for understanding
relationships in some settings (Wilkinson 1984, 1985, 1986; Ortega and Maldonado
2006). While uniform interactions based on cohabitation are limited to utility for
assessing relationships among dyads on a landscape-level (roost selection), data on
complex interactions can also be used to describe relationships among bats within a roost
in addition to landscape-level associations. These complex interactions can serve as the
basis for directed relationships and networks that have much potential for the study of
sociality in bats.

RELATIONSHIPS
Relationships are formed when two individuals have a series of interactions,
representing a level of sociality based on interactions which can be used to understand
social structure (Hinde 1976). Wilkinson (1985) was the first to quantify relationships
among bats by banding hundreds of bats and conducting periodic roost searches to
determine frequency of cohabitation of all possible dyads. Since Wilkinson’s pioneering
work, similar datasets have been collected through radiotelemetry, PIT-tagging, capture
censuses and roost searching, providing substantial insight into social relationships
among bats based on cohabitation (Table 2). In this section we review methods used to
quantify and compare relationships, with commentary on how these methods may impact
later analyses of social structure.
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Quantifying relationships
Strength of relationships, or ties, among bats is almost always measured using an
association index based on frequency of cohabitation (Table 2). Association studies have
been pivotal behind the discovery that bats form non-random relationships of varying
strength within colonies, shaping the study of sociality in bats. Numerous association
indices have been applied in bat research (Table 2). Indices differ in their suitability to
specific types of datasets, and each index may result in significantly different relationship
strengths for the same dataset. Although guidance on appropriate selection of an index
can be found elsewhere (Cairns and Schwager 1987; Ginsberg and Young 1992; Croft
2008; Whitehead 2008), additional discussion of these indices is provided here because
the results are frequently used to determine social structure in bats.
The simple index is the number of days a dyad cohabits roosts divided by number
of days at least one bat was located (Table 4), and is the most appropriate index when
there is no bias in locating bats (Cairns and Schwager 1987; Ginsberg and Young 1992).
Such bias can arise when bats are successfully located at communal roosts, where dyads
are more likely to be found together, but are not located in peripheral roosts, when they
are potentially roosting apart. Such biases are rare in radiotelemetry studies, provided the
dataset is limited to the period where both bats have functional transmitters and at least
one member of the dyad is regularly located, but may be more common in studies
locating bats using PIT tags, capture censuses, or roost searches.
The half-weight index (HWI, which yields the same result as Fager’s symmetrical
index, and are hereafter both referred to as HWI) is frequently used in bat research (Table
2). The HWI attempts to correct for bias resulting from the increased likelihood of
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locating at least one member of a dyad when the dyad is not cohabiting a roost (Table 4).
The HWI yields the same results as the simple index when both bats are always located
but yields a higher strength when only one member of the dyad is located. This is an
inappropriate correction in radiotelemetry studies because the un-located bat must be
occupying a different roost, provided transmitters are functioning and attached to a live
bat. This may also be an inappropriate correction in PIT tag studies, especially if PIT tag
scanners are placed only at communal roosts, where there is an increased likelihood of
locating bats roosting together, not apart. Kerth and König (1999) avoided this bias by
monitoring nearly all roosts on a daily basis and applying the HWI only when both bats
were located (thus, yielding the same results as the simple index).
Another popular alternative is the pairwise sharing index (PSI; Willis and Brigham 2004,
2005; Table 2). The PSI attempts to account for roost-switching behaviors, subtracting an
expected roost-sharing frequency from an observed roost-sharing frequency
computationally similar to the simple index (Table 4). Expected roost-sharing frequencies
will vary across dyads because they are derived from the number of roosts each bat uses.
Thus, PSI values will always be lower than simple index values and dyads of bats
frequently switching roosts will have a stronger relationship than dyads of bats switching
less frequently, even if the frequency of cohabitation was the same between the two
dyads (Table 4).
Relationships can be assessed without use of association indices. The simplest
alternative is to define relationships as present or absent based on the presence or absence
of interaction (i.e., cohabitation). This approach can be used to make comparisons
between dyads that have relationships versus those that do not in the colony. Such an
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approach may be appropriate when the researcher does not have extensive association
data but wishes to make some examination of social structure (Chaverri 2010, see
Structure). When extensive association data are available, however, this approach results
in a substantial loss of data (frequency and location of interactions) and is not
recommended. Relationships can also be assessed by quantifying the number of roosts
both members of the dyad are known to visit. Person-event and person-location
relationships are used to quantify relationships among persons in human network studies
when it is not possible to directly ask about person-person relationships (Bonacich 1972;
Borgatti and Everett 1997). This method can provide strength of ties incorporating a
second mode of data, where interactions occur, for use in describing social structure. This
may be especially useful in radiotelemetry studies, where bats are monitored for brief
time periods. Two recent studies incorporating two-mode networks in bats considered
dyads to have opportunity for interaction (and, therefore, had relationships) when both
bats demonstrated use of a common roost, regardless of whether or not they roosted
together during the relatively short telemetry period (Fortuna et al. 2009; Johnson et al.
2012). Another alternative method is provided by Ortega and Maldonado (2006), who
assessed the direction and nature of interactions in addition to use of an association index.
These studies illustrate that relationships do not have to be assessed by comparing
association strengths among dyads.
There is no one correct way to measure relationships, and the studies cited in
Table 2 have successfully used the methodologies discussed above to further our
understanding of sociality in bats (reviewed in Kerth 2008). However, it is important to
think critically about how selection of an association index will influence a comparison
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of relationships among dyads, and influence assessments of social structure. For example,
the HWI increases relationship strength directly in proportion to the number of days only
one bat in the dyad is located. Unless there is a true bias towards locating bats when the
dyad roosts apart, application of the HWI will falsely inflate of relationship strength of
these dyads. This bias may result in quantitative comparisons indicating stronger
relationships for dyads in which only one bat is frequently located compared to dyads in
which both bats are always located (Table 4). This bias will manifest into additional
errors if analyses of social structure are based on these strengths, and we suggest use of
the simple index to avoid this pitfall. We also recommend use of alternative methods of
quantifying relationships, and comparisons of these techniques to various association
indices (see Ortega and Maldonado 2006; Fortuna et al. 2009; Johnson et al. 2012).

Comparing dyads
After measuring relationships with an association index, researchers must test
whether or not observed associations differ from random, a procedure well described
elsewhere (Whitehead 2008). The amount of variability in association rates within
colonies is not well understood, however, it is not clear how many bats must be studied to
avoid sampling bias. Temporal variability in association within dyads is also poorly
understood, and sampling bias may also occur when a dyad is scarcely observed. Studies
cited in Table 2 illustrate the variability in number of bats marked and frequency of
observations. It is important to note that the sample sizes reported in Table 2 reflect the
number of marked bats; the number of dyads included in analysis can be substantially
larger, inaccurately reflecting the number of independent samples. For example, 10 bats
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simultaneously monitored compose 45 dyads. These dyads are not independent samples,
and researchers should take caution to avoid sampling bias. Substantial variation in
association rates should be expected in large colonies (>50 bats), and sampling bias may
occur when only a small number of bats are studied, despite a seemingly large number of
dyads sampled.
It should be noted that the number of bats marked is not necessarily a better
indicator of sampling effort than number of dyads. For example, the sample size (n = 28)
reported by Kerth and König (1999) seems small compared to the sample size (n = 336)
reported by Vonhof et al. (2004). However, Kerth and König (1999) estimated the
maximum size of the colony they studied over three years of study to be 31 adult females,
28 of which they located approximately every other day. By comparison, Vonhof et al.
(2004) monitored 336 bats from three distinct roosting areas, 67% of which were located
on fewer than 4 days over 2 years of data collection. We are currently unaware of any
study that examines the effect of sample size on comparisons of dyadic relationships,
making recommendations on sample size untenable. In the absence of such
recommendations, we suggest estimating the total colony size for a relative comparison
with sampling effort and advise caution when analyzing datasets where the proportion of
the colony sampled is low.
We are also unaware of any study recommending a minimum number and
frequency of observation days per bat. Regardless, we do not suggest comparing
relationship strength among dyads observed sparsely over several seasons or years.
Irregular observations may be biased towards observation at communal roosts because
these studies often employ roost-searches or PIT technology. While both these methods
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are effective for locating bats, roost-searching may be biased by a search-image for roosts
more likely to house groups of bats, and PIT studies may be equipped with fewer PIT
scanners than roosts occupied by the colony. This will result in failure to observe bats in
solitary roosts or communal roosts the observer does not know exist (but see Kerth and
König 1999; Kerth et al. 2011).
These recommendations should not be confused as advocacy for limiting
comparisons to bats frequently observed or days where both bats in a dyad are located
(Kerth and König 1999; Vonhof et al. 2004; Garroway and Broders 2007; Patriquin et al.
2010). Bats which are infrequently located represent weak ties to other members of
colony, removal of which will over-estimate the percentage of strong relationships within
the colony. Furthermore, social groups are composed of both strong and weak ties, and
elimination of weak ties will provide an incomplete understanding of social structure
(Granovetter 1973).
Association indices themselves cannot be equated to individuals showing
preference for one another, as commonly interpreted from Wilkinson’s (1985) χ2
developed to ‘discriminate between passive and active attraction to trees’ (Kerth and
König 1999; Kerth et al. 2011). Wilkinson (1985) defines passive attraction as
independent aggregation of animals at a patchily distributed resource, and active
attraction as requiring interactions among those animals. Active attraction to trees,
however, does not necessarily result from a preference for roosting with a specific
individual. As Wilkinson’s (1985) wording implies, the attraction could be to the tree.
Individuals may have differing preferences for habitat surrounding or within (i.e.,
microclimates) individual roosts, and a dyad’s frequent cohabitation of roosts could
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simply reflect a shared preferences for specific roosts. An increasing number of studies
have demonstrated that several bat species have the ability for individual recognition,
supporting the hypothesis that bats can develop preferences for specific roost-mates
(Carter et al. 2009; Englert and Greene 2009; Arnold and Wilkinson 2011). However,
interpretations of observed associations remain hypotheses in the absence of data linking
the presence/absence or actions of one bat to the roost-selection of another.
Nevertheless, it is clear from studies cited in Table 2 that many bats form nonrandom relationships, and researchers have sought to explain the factors influencing both
strong and weak ties. These studies have found that relationships vary with time of year
(Garroway and Broders 2007; Patriquin et al. 2010) and demographic characteristics
(Wilkinson 1985; Kerth and König 1999; Willis and Brigham 2004; Garroway and
Broders 2007), and can vary among colonies of the same species (Campbell et al. 2008;
Chaverri 2010; Chaverri and Kunz 2010; Kerth et al. 2011). Researchers investigating
relationships, therefore, are faced with a number of alternative hypotheses explaining
relationship patterns. Failure to adequately sample relationships with respect to these
sources of variation can confound analyses and influence analyses of social structure.

Explaining patterns in strength
Many studies of colonial bats have documented long-term associations among
dyads (Wilkinson 1985; Kerth and König 1999; Vonhof et al. 2005; Chaverri 2010;
Patriquin et al. 2010; Kerth et al. 2011). These dyads associate throughout and across
years, but associations may occur at different rates during different times, especially in
species exhibiting seasonal formation and breakup of maternity colonies (Barclay and
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Kurta 2007). Seasonality within social groups of males has also been observed (Safi
2008). As a result, several studies have hypothesized seasonal variation in social roosting
behaviors result in seasonal variation in relationships, or that dyads of the same sex or
reproductive condition have stronger relationships.
Kerth and König (1999) investigated the impact of reproductive condition by PIT
tagging adult female Bechstein’s bats and monitoring roosts each day over three years,
determining marked bats’ reproductive condition in subsequent study years. This seminal
work demonstrated that dyads of reproductive females had the strongest relationships, a
finding repeated in studies of other species (Willis and Brigham 2004). Not all long-term
studies are able to determine the reproductive condition of bats after marking.
Researchers facing this problem must either limit their datasets to bats of known
reproductive conditions or ask different questions with their data. Patriquin et al. (2010)
compared relationships of dyads monitored during different reproductive periods (e.g.,
pregnancy and lactation) as a surrogate for accounting for individuals’ reproductive
condition. This is an effective approach to dealing with uncertainty in future reproductive
condition, but results may be confounded if reproductive condition is the variable
influencing relationship strength, not season. This may be an influence behind seemingly
conflicting results in two studies of northern myotis (Myotis septentrionalis) from a
single study site in Nova Scotia. At this site, Garroway and Broders (2007) found that
relationships among dyads were greater during lactation than during pregnancy, the
opposite trend observed by Patriquin et al. (2010).
The influence of age on relationship strength has also been examined. Long term
PIT tag studies provide an ideal opportunity for investigating the influence of age,
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especially if bats are marked as juveniles and observed over several years. Patriquin et al.
(2010) classified marked adult northern myotis into three age categories, finding that age
plays a significant role in determining relationship strength. Kerth et al. (2011) monitored
two colonies of Bechstein’s bats over five years and found no significant age effect
among dyads. These studies suggest that relationships in different species or populations
may be influenced by different factors, and identical results should not be expected
among species.
Of particular interest in many studies is the influence of relatedness. While some
research focusing on complex interactions suggest relatedness effects the frequency and
nature of these interactions (Wilkinson, 1984, 1986), studies of relationships have found
little evidence that relatedness has a significant effect on strength (Kerth and König 1999;
Metheny et al. 2008; but see Kerth et al. 2011). This apparent discrepancy is intriguing
and we believe that studies incorporating complex interactions into assessment of
relationships, as opposed to simple frequency of cohabitation, will yield many insights
into sociality in bats.
Another popular approach is to use lagged association rates (LAR) or
standardized LAR’s (SLAR) (Whitehead 1995, 2008) to address stability of dyadic
associations over time (Table 2). These rates provide a probability of association for a
given amount of time after previous association. Whitehead (2008) states, “unless there
are considerable data for a dyad, lagged association rates…will have little validity for
characterizing the temporal patterning of a particular relationship,” but goes on to state
that meaningful analyses can be made when data are pooled across a population or subset
of the population. Whitehead (2007) developed several models describing temporal
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patterns of relationships that can be ranked using Akaikie’s Information Criterion.
Garroway and Broders (2007) used this technique in finding strong support for a model
of ‘constant companions and casual acquaintances,’ where bats form short- and long-term
relationships with other colony members.
Lagged association rates are powerful tool for studying temporal patterns in
relationships. Unfortunately, there is currently little guidance on the suitability of
different datasets for LAR or SLAR analyses. In the previous section we discussed
sources of location bias that may be associated with irregular roost-searches and PIT tag
readings, and it is unclear how pooling these data impact lagged association rates
(Vonhof et al. 2004; Garroway and Broders 2007; Chaverri 2010; Patriquin et al. 2010).
Roost-searching and PIT tag datasets may, therefore, yield misleading results for LAR or
SLAR analyses when bats are skewed towards being observed together. We have also
discussed that relationships may vary with seasons or demographic characteristics, and it
unclear how pooling data collected during different periods or pooling data from different
demographic groups will influence these analyses. For these reasons we recommend not
using (S)LAR analyses with data collected irregularly from marked bats from multiple
demographic groups collected across several seasons or years.
Finally, different social roosting patterns have been observed for populations of
the same species occupying different study areas or habitats (Campbell et al. 2006;
Chaverri 2010; Kerth et al. 2011). Campbell et al. (2006) and Chaverri (2010) found that
availability or distribution of roosting habitats influenced group size, relationship
strength, and several measures of social structure discussed in the following section.
These studies provide evidence for the hypothesis that relationship patterns are
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influenced by resource availability, and studies of sociality in bats should, therefore,
strive to compare relationships among distinct colonies to assess the influence of habitat
as well other variables of interest.
The studies cited in Table 2 have provided valuable contributions to our
understanding of relationships between individuals and among dyads within bat colonies.
It is clear that in many species bats have important social interactions, forming
relationships of varying strength within a colony, and these relationships are influenced
by seasonal, demographic, and habitat effects. Research will continue to expand our
understanding of social relationships in bats through the methodologies reviewed above.
Our review of these methods is not intended as a recommendation against their further
use, but is intended to highlight potential pitfalls associated with these methods, as biased
assessment of relationships may lead to a false understanding of social structure.

STRUCTURE
It is “the nature, quality and patterning of relationships” that describe the structure
of social groups (Hinde 1976). Stated differently, it is the strength, direction and temporal
patterns in relationships that can be used describe social structure. This is a rapidly
developing field of research (Krause et al. 2007; Croft et al. 2008; Wey et al. 2008;
Krause et al. 2009), including bats (Table 3). In this section we describe how methods
assessing interactions and relationships relate to methods assessing social structure. We
review two primary goals of studies examining social structure in bat colonies: separating
populations into subgroups and using social network analysis to reveal patterns in social
structure by examining the roles or positions of individual bats in the network. We also
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emphasize the utility of network maps and a variety of network measures for describing
social structure in bats.

Defining subgroups
Subgroups represent a level of organization within a colony and may provide
insight into how patterns in relationships translate into divisions with the larger colony.
The most popular methodology to delineate subgroups used in bat research has been
cluster analysis (Table 3). Cluster analysis requires an arbitrary selection of level of
association, typically a level of relationship strength that separates bats into subgroups.
Cluster analyses based on data collected over several months or years makes several
assumptions that have not been clearly stated. First, associations measured during
different seasons are comparable. As shown in the previous section, this assumption may
not always be valid and pooling data from different seasons may not reflect meaningful
subgroups. To illustrate this, we present a hypothetical example of bats that associate
frequently during gestation and lactation, but associate less strongly post-lactation. If
some dyads are observed more frequently during times of strong associations, and others
more frequently during times of weak associations, a cluster analysis will separate dyads
into subgroups that are a product of seasonal variation, not true divisions within the
colony. We recommend that studies using cluster analysis first test for differences in
relationship strength based on season, and to pool data when these variables do not
influence relationships.
The second assumption is that there is no bias in the assessment of relationships.
Choice of association index will bias the placement of bats into subgroups when the
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index provides unnecessary corrections to relationship strength (Table 4). These studies
also assume that the colony has been sampled adequately, both in terms of number of bats
marked and the frequency of their observation. We do not recommend cluster analysis in
studies with infrequent observations, as the biological significance of subgroups based on
only a few observations is unclear. Accurate assessment of subgroups relies on gathering
data on the whole network (Kossinets 2006). Thus, studies seeking to accurate delineate
subgroups must mark nearly all members of the colony and observe them throughout a
defined time period.
Another method used to define subgroups within bat populations is modularity
(Table 3). Modularity is a mathematical algorithm which detects subgroups within
populations only when doing so is appropriate, and does not require an arbitrary selection
of relationship strength as in cluster analysis (Newman 2006; Whitehead 2008). Kerth et
al. (2011) used modularity to determine subgroups based upon relationship strengths
calculated from thousands of observations collected over five years. Kerth et al. (2011)
determined that stable modularity values did not appear until near the end of the breeding
season, supporting inclusion of all data in a single modularity analysis, and advocating
against use of datasets with small sample sizes collected during a constrained time frame.
Kossinets (2006) also warns of small sample sizes and states that whole-network data are
necessary for accurately determining subgroups. However, we do not agree that datasets
covering limited time periods cannot be used to determine subgroups, provided that it is a
time period with clear biological meaning (i.e., gestation) and the colony is sufficiently
sampled. Furthermore, when relationships vary with season, pooling data over an entire
year could mask seasonal dynamics.
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Fortuna et al. (2009) also used modularity to define subgroups after collecting
data on marked bats using radiotelemetry. Fortuna et al. (2009) separated radiotagged
bats into subgroups based upon the number of roost trees commonly used by a dyad as an
alternative to an association index value. This method utilizes two-mode networks,
emphasizing the location where interactions take place, the roost, as a basis for
determining social structure. It is reasonable to infer that if a dyad of bats demonstrates
knowledge (visits) of a roost, the dyad has a high probability of interacting at that roost at
some point, even if that interaction was never observed. Analyses based on common
roosts may represent different social phenomena than analyses based on an association
index, and each of these approaches merit further study. For example, an association
index value does not incorporate data on how many roosts a dyad interacts at, while an
analysis based on common roosts does not incorporate data on how often the dyad
interacts. It is easy to visualize how a colony may separate into subgroups based upon
varying preferences to specific roosts, and how these results may differ from results
based upon association index methodology. We encourage future studies to explore these
differences.
Many additional methods for detecting community structure exist and can be
applied to bat research (Wasserman and Faust 1994). One alternative to defining
subgroups that is useful when lacking whole network data is to examine core-periphery
structure of available data (Borgatti and Everett 2000; Johnson et al. 2012). As with
studies using cluster analysis or modularity, a core-periphery analysis may be based on
various methods of assessing relationships. A core-periphery analysis of a bat colony
would show which bats in the colony have a high density of ties among themselves and
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are, thus, at the core of the network. Core bats have more relationships within the colony,
and have more opportunities for transmission of information, disease or any socially
communicable quantity. Furthermore, examining what attributes (e.g., characteristics
such as sex and age) are shared by core versus periphery bats may provide insight into the
biological basis for grouping without attempting to place individuals into specific
subgroups. Incorporating two-mode network data (bats and their roosts) can provide
additional insights about networks and core-periphery structure (Borgatti and Everett
1997; Johnson et al. 2012; Figure 4.1). For example, two-mode datasets can be used to
identify the attributes of core bats in periphery roosts or attributes of periphery bats in
core roosts when examining core-periphery structure.
Network maps
Defining subgroups is a popular analysis in studies of sociality in bats, but is also
an approach which requires large amounts of data for reliable analysis (Scott 2000;
Kossinets 2006). Delineation of subgroups is, therefore, not always a logical starting
point for determination of social structure. Social structure extends beyond the existence
or number of subgroups, and studies of sociality need not focus on subgroups. One way
this can be visualized is through mapping networks. Network maps are visual illustrations
of nodes (the actors within networks, in this case, bats) and the relationships that link
nodes to one another (Figure 4.1). Network maps can incorporate individual attribute data
(characteristics of nodes) alongside relationship data, and can help generate hypotheses
explaining social structure (Scott 2000; Croft et al. 2008). For example, a researcher
might examine a network map and hypothesize that the observed patterning in
relationships is a function of bat age, sex, or reproductive class. Differences between
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colonies may also be apparent, perhaps resulting from differences in available roosting
habitat. In these ways network maps can reveal natural social divisions and present
testable hypotheses that may not otherwise be immediately apparent (Figure 4.1).
Network maps can be made in a variety of software packages such as UCINET
(Borgatti et al., 2002), which is discussed at length by Croft et al. (2008). Network maps
can visually illustrate the attributes of individual nodes as well as the quality of their
relationships, with many structural options available for consideration (Scott 2000;
Hanneman and Riddle 2005; Croft et al. 2008). Rhodes (2006) and Johnson et al. (2012)
created a network map linking roost trees by the movements of bats (i.e., using two-mode
data). Chaverri (2010) and Patriquin et al. (2010) took the opposite approach, mapping
bats as nodes tied to one another if they roosted together. Fortuna et al. (2009) and
Johnson et al. (2012) also used two-mode data, but constructed network maps linking
bats to bats based upon which bats have shared knowledge of (roosted in) common
roosts, regardless of whether or not bats co-habited roosts on the same days. As discussed
previously, these two-mode data provide an additional layer of information that can be
used in a variety of ways.
An important aspect of networks is that they can be directed or undirected, as well
as weighted or un-weighted (Scott 2000; Croft et al. 2008; Wey et al. 2008). Networks
might be weighted (or valued) based on relationship strength or number of common
roosts (Scott 2000; Fortuna et al. 2009; Kerth et al. 2011). Kerth et al. (2011) noted that
un-weighted networks, an approach used by Chaverri (2010), may give misleading results
compared to weighted networks. This might result from failure to account for varying
relationship strengths or sampling bias. Of course, weighted networks might also yield
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misleading results when relationships are determined inaccurately or when much of the
colony has not been sampled (Scott 2000; Kossinets 2006). Networks can be directed
when nodes have asymmetric relationships, determined through interactions, and are
graphed by placing an arrowhead at the end of links connecting nodes (Scott 2000). An
example of this could be food sharing or allogrooming in the common vampire bat
(Wilkinson 1984, 1986). Ortega and Maldonado (2006) presented diagrams illustrating
direction and magnitude of affiliative and aggressive interactions among females in
harems of Jamaican fruit-eating bat similar to directed networks. These examples
highlight that more than relationship strength can be incorporated into analyses of social
structure.

Other network measures
Understanding bat colonies as social networks allows researchers to determine the
position of each bat in the network in order to test hypotheses on social structure. While
many studies have attempted to define subgroups within bat colonies, few have focused
on how network position differs among colony members (Table 3). Here we discuss
several popular social network measures that have been or could be used to assess social
structure in bats.
Centrality is a commonly measured characteristic of nodes and networks. The
centrality of a node is a measure of how connected that node is to others in the network,
and can be measured in several ways. Degree centrality is the number of direct ties a
node has to other nodes (Wasserman and Faust 1994). Degree centrality can be used to
determine which bats have more ties to the rest of the colony, and whether this is a
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function of the attributes of theses bats. Degree centrality can be determined for networks
of roosts as well as networks of bats, with roosts most frequently used by the colony
being most central to the network, serving as activity hubs (Rhodes 2006; Johnson et al.
2012).
Degree centrality has been incorrectly labeled and associated with strength
(Whitehead 2008; Patriquin et al. 2010). While degree centrality is a nodal measure,
strength typically refers to the weight of a tie between two nodes (Granovetter 1973;
Krackhardt 1992). Whitehead (2008) described strength as the sum of the weights of all
ties connected to a node, terminology which has caused some confusion with strength of
a tie and degree centrality (Patriquin et al. 2008). Furthermore, the significance of
strength, as defined by Whitehead (2008), is questionable. For example, a bat with four
ties, each with a weight of 0.2 would have the same strength as a bat with one tie with a
weight of 0.8. In other words, while strength as defined by Whitehead (2008) is intended
to provide more information over degree centrality, it actually results in information loss.
Examination of strong ties (i.e., those with comparatively high weights) and weak ties is
an important aspect of social network analysis (Granovetter 1973, Krackhardt 1992), and
is quantitatively different from questions of centrality.
Degree centrality is closely related to betweenness, closeness and eigenvector
centrality. Betweenness centrality of a node is the number of shortest paths between two
other nodes that pass through the node in question (Wasserman and Faust 1994).
Betweenness provides an alternative measure of positional advantage in a network
because the node with the highest betweenness centrality lies on the shortest (geodesic)
pathway between pairs of other nodes and may be a gatekeeper to other portions of the
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network (Wasserman and Faust 1994). A similar concept is reach. A node is considered
reachable from another node when there is a path between them (Wasserman and Faust
1994), and this concept can be extended as a measure of centrality. For example, Flack et
al. (2006) determined the number of nodes two steps away as a measure of potential
biological contagion among primates. A weighted approaches to measuring reach is
presented elsewhere (Whitehead 2008; Patriquin et al. 2010), but it is important to note
that these weighted approaches do not match the definition of reach in the network
analysis literature. Other measures of centrality, including closeness and eigenvector
centrality, are yet to be applied in bat research and are described elsewhere (Scott 2000;
Whitehead 2008).
It is important to distinguish which type of centrality is being used, as well as the
relevance of the chosen measure. Several recent studies present different centrality
measures and discuss the biological significance of each (Patriquin et al. 2010; Fortuna et
al. 2009; Johnson et al. 2012). Patriquin et al. (2010) compared the mean of each
centrality measure among three age classes and concluded young females had higher
centrality despite finding no statistical differences among age classes. Nodes within a
network are not independent from one another, however, and care should be used to
avoid violation of statistical assumptions. Fortuna et al. (2009) measured degree and
betweenness centrality and found that each measure provided a differing outlook as to
how roosts served as ‘intermediaries in transmission of information or disease’.
Similarly, Johnson et al. (2012) presented degree centrality for nodal measures (i.e.,
degree of each bat), but also used a measure of betweenness to assess the degree to which
networks were focused around specific nodes (i.e., hub roosts). Thus, while Patriquin et
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al. (2010) examined centrality only at the nodal level, centrality measures can also be
used on the network level (Fortuna et al. 2009; Johnson et al. 2012). Research that uses
centrality to draw conclusions about the whole network must be based on information
gathered on the whole network to avoid sampling bias (Kossinets 2006). However,
network centralization may be useful to determine how the connectedness of a colony
differs between biologically meaningful time periods (gestation, lactation, etc.), or how
connectedness differs among colonies.
Clustering coefficient, not to be confused with cluster analysis, measures the
density of relationships in a node’s neighborhood (Watts 1999). In other words,
clustering coefficient is the number of neighboring nodes that are tied to each other
compared to the maximum possible ties between nodes. Chaverri (2010) measured the
mean clustering coefficient for three networks of Spix’s disc-winged bat (Thyroptera
tricolor), finding that bats in each network are highly interconnected. Clustering
coefficients can also be used to identify areas in a network map with comparatively high
clustering. These are referred to as a ‘cluster’ or ‘clique’ and are in some ways similar to
subgroups (Scott 2000). Clustering coefficients differ from cluster analyses, however,
because they are concerned with the neighborhood of a particular node (Watts 1999).
Density is a similar measure which can be quantified for entire networks by dividing the
number of ties observed by the total number of possible ties (Scott 2000; Wey et al.
2008). In this way, density gives a sense of the completeness of the network, while
aforementioned reachability or distance gives a sense of the diffusion of resources
through a network in a limited number of steps. Chaverri (2010) estimated networks
density for Spix’s disc-winged bats, finding different densities among networks. Because
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density is determined through knowledge of the total number of possible ties, true density
of a social network is known only when the whole network has been sampled. Estimating
density for a subsample of a network is still useful when comparing estimated densities
from different colonies (Chaverri 2010), but should be interpreted carefully, as results
may be heavily influenced by sampling bias when many nodes (i.e., bats) are not
sampled. It is clear when knowledge of the network is incomplete, as new individuals are
frequently encountered, and known individuals are rarely encountered.
An additional network measure which has potential for use in studies of sociality
in bats is triad (a group of three actors) census. A triad census is a count of the number of
triads completed as transitive triplets at any given point in time. That is, if Bat A and Bat
B have a relationship, and Bat B and Bat C have a relationship, then Bat A and Bat C
have a transitive relationship (Scott 2000). Where Patriquin et al. (2010) used reach to
measure ‘how closely females associate directly through one another and indirectly
through common roost associates,’ a triad census could also be used to provide a measure
of indirect relationships. Johnson et al. (2012) used a triad census to compare the number
of complete, or transitive, triplets during different reproductive seasons, finding evidence
that more triads are transitive during lactation, when the benefits of social roosting are
likely greatest.
Homophily is the tendency for nodes to be tied to each other based on shared
attributes (Scott 2000). Homophily might be used to quantify the tendency of bats to be
connected based on sex, reproductive condition, or age (Johnson et al. 2012). Homophily
of a node or a network can be calculated several ways, the most basic of which is to
divide the number of homophilous ties by the total number of ties (Scott 2000).
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Alternative formulas for homophily are described in (Hanneman and Riddle 2005).
UCINET provides options for testing the hypothesis that networks are structured by
homophilous ties using several statistical tests (Borgatti et al. 2002).
We suggest researchers consider the diverse array of network statistics when
examining social structure in bat colonies (Wasserman and Faust 1994; Scott 2000). For
concepts such as centrality, where there are several different measures, researchers
should carefully consider the measure that best addresses their research question
(Borgatti 2005). Researchers should be careful when reading other authors’
interpretations of the meaning of degree, betweenness, or other form of centrality, as they
may describe different biological phenomena in different settings. Finally, we
recommend that these statistics be determined at the colony-level, and that studies
attempt to make comparisons among distinct colonies. Pooling data from bats belonging
to different colonies (i.e., bats that do not interact at all during the time period in
question) may yield misleading results if relationships or social structure differs among
colonies (Campbell et al. 2006; Chaverri 2010; Kerth et al. 2011). Calculating these
statistics at the subgroup level may also yield misleading results, as important
information on which bats move between subgroups will be lost. While it is easy to
recognize when bats are part of the same colony, such as sharing common roosts or
possessing transitive relationships, it is more difficult to determine when bats are not part
of the same colony. Lack of common roosts or transitive relationships, and occupation of
areas separated by large distances are strong indications of separate colonies. Distances
must be considered from the perspective of the bat species, accounting for flight
capabilities and behaviors. Where large areas of suitable habitat exist, colonies may not
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be discrete units, and social structure may be more accurately portrayed as many
subgroups spread across the landscape.

CONCLUSION
Our review of studies examining sociality in bats has focused on methods of data
collection and analysis. Since Kerth and König (1999) first described Bechstein’s bats as
conforming to the fission-fusion model of social behavior, many studies have focused on
determining if other species behave similarly. This focus is reflected in their study design
and analyses, nearly all of which use association indices and aim to identify subgroups. It
is becoming increasingly apparent from these studies that a large number of bat species
exhibit fission-fusion colonial behavior. We believe that future studies of sociality will
benefit from quantifying aspects of sociality beyond looking for fission-fusion behaviors.
Social network analysis provide an opportunity to do so, with many well established
metrics that can be applied to bat research (Wasserman and Faust 1994; Scott 2000;
Krause et al. 2007; Croft et al. 2008; Whitehead 2008; Wey et al. 2008; Krause et al.
2009).
Social network analysis provides a framework for asking specific questions about
the patterning of relationships within social groups and is becoming increasingly popular
among animal researchers (Krause et al. 2007; Croft et al. 2008; Whitehead 2008; Wey et
al. 2008; Krause et al. 2009). Successful application of social network analysis in bat
research need not employ the analytical methods popular in fission-fusion studies. While
relationships must be observed or quantified in order to conduct a network analysis,
researchers need not focus on association indices or delineating subgroups. Without data
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on the whole network subgroups identified may not be biologically significant (Kossinets
2006). Whole network data are not required to examine other, potentially more
interesting, facets of social structure, and their contribution towards understanding
sociality in bats will likely exceed what can be learned through identification of
subgroups. We advocate bat researchers carefully consider the diverse measures,
including many not mentioned in this review (see Wasserman and Faust 1994; Scott
2000), that are well established in the network analysis field.
The studies cited throughout this review have made pioneering efforts towards
understanding sociality in bats, and we applaud their efforts. We hope that our review
will help future authors build upon these studies by encouraging further use of social
network analysis to formulate and test new hypotheses on sociality in bats. We
recommend that researchers carefully select network measures most appropriate for their
dataset and research questions, and to design studies comparing those measures among
different species or colonies occupying different study areas, habitats, or collected during
different periods of time. We also recommend that studies utilize additional modes of
data such as day-roosts (Fortuna et al. 2009; Johnson et al. 2012) when possible. Such
studies will further our understanding of the social structure of bat colonies as well as
provide consistent metrics which can be compared among species and populations.
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Table 4.1―Summary of methodologies and sample strategies used in studies observing social interactions among bats
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Study

Method of

Method of

Number of

Duration of

Source

Species

Observation

Identification Observations Observations Measurements

Wilkinson

Desmodus

visual

forearm

ad libitum

1984

rotundus

observation

bands

(400 hr)

Wilkinson

Desmodus

visual

forearm

ad libitum

1986

rotundus

observation

bands

(400 hr)

unknown

Wilkinson

Nycticeius

visual

forearm

ad libitum

1.4 ± 0.9 SD

1992

humeralis

observation

bands

121 hr

hr / day

relatedness, grooming A

Fleming et al.

Leptonycteris infrared

6 days

14 hr / day

grooming, nursing, nose-rubbing,

1998

curasoae

camera

none

9 nights

11 hr / night

aggression, resting, movement

Kerth et al.

Myotis

infrared

forearm

2003

bechsteinii

cameras

bands

25 nights

Ortega and

Artibeus

visual

forearm

once a month

Maldonado 2006

jamaicensis

observation

bands

for 24 mo

relatedness, food sharing,
unknown

roost-association
relatedness, grooming, movement,
resting, roost-association

relatedness, grooming, nursing,
4 hr / night

nose-rubbing, licking
grooming, licking, aggression,

6 hr / day

roost-association

Table 4.1―continued
A

study was paired with video observations of captive bats, not summarized in this table
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Table 4.2―Summary of methodologies and sampling intensities used in studies quantifying bat relationships

Source

Study Species

Wilkinson 1985

Desmodus
rotundus
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Kerth and

Myotis

König 1999

bechsteinii

O’Donnel 2000

Chalinolobus
tuberculatus

No.

Method of

Location

Bats

Location

Attempts

Location Success

Association Measures

roost

every 8.3 ±

not

Fager’s symmetrical

searches

2.6 (SD) d.

reported

index, ‘Wilkinson’s’ χ2

146A

bats located approx. Fager’s symmetrical
28B

58C

PIT tags

daily

every other day

index, ‘Wilkinson’s’χ2

capture

not

11.9 ± 6.4 (SD)

χ2

censuses

reported

days per bat

roost

> 1 week

not reported, but 67% simple index,

searches

intervals

located on < 4 days

Vonhof et

Thyroptera

al. 2004

tricolor

Willis and

Eptesicus

Brigham 2004

fuscus

61B

telemetry

Campbell et

Cynopterus

32,

telemetry,

27.7 ± 10.1 (SD),

al. 2006

brachyotis

99F

roost searches daily

34.1 ± 19.4F

336D

LAR

5.9 ± 6.4 (SD) per
daily

bat (91.6% of days)

PSI

simple index

Table 4.2―continued
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Chaverri

Artibeus

et al. 2007

watsoni

Ortega and

Artibeus

Maldonado 2006

jamaicensis

Garroway and

Myotis

Broders 2007

septentrionalis

Rhodes 2007

Tadarida
australis

Popa-Lisseanu

Nyctalus

et al. 2008

lasiopterus

Metheny et

Eptesicus

al. 2008

fuscus

Chaverri, 2010

Thyroptera
tricolor

not reported (bats
33G

100B

26H

telemetry

daily

tracked for 5-17 d)

simple index

roost

once per

monitoring

month

not reported

‘Wilkinson’s’χ2

PIT tags,

irregular;

9.0 ± 5.4 (SD) days

HWI,

telemetry

unclear

per bat

SLAR

26.9 ± 28.6 (SD)
19I

25B

48J

163K

telemetry

daily

days per bat

PSI

4-7 days

not

telemetry

a week

reported

simple index

telemetry,

daily, every

not

simple index,

censuses

2-3 weeks

reported

PSI

roost

1-2 times

not

simple,

searches

a month

reported

SLAR

Table 4.2―continued
Patriquin et

Myotis

al. 2010

septentrionalis

Kerth et

Myotis

al. 2011

bechsteinii

PIT tags,
83B

81L

telemetry

PIT tags

daily

daily

8.4 ± 6.4 (SD)

HWI,

days per bat

SLAR

20500 total

Fager’s symmetrical

observations

index, ‘Wilkinson’s’ χ2
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A

total number of banded bats was 205 (males and females); only bats observed on >10% of roost searches were included in analysis

B

adult females only

C

total number of banded bats was 617; only 58 females were included in analysis

D

adult and juvenile males and females

F

adult males and females; sample sizes represent radiotagged bats followed by bats observed during roost censuses; location success

reported for populations of two subspecies
G

total number of marked bats was 54; only 23 females and 10 males were included in analysis

H

total number of marked bats was 43 adult females; only bats located >2 days were included in analysis

I

J

17 adult females (3 pregnant, 6 post-lactating and 8 non-reproductive) and 2 males
adult females only; includes 17 bats marked by Willis and Brigham (2004)

Table 4.2―continued
K

unclear number of males and females

L

includes 61 and 20 females from 2 distinct colonies
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Table 4.3―Summary of methodologies and sampling intensities used in research describing bat social organization

Source

Study Species

O’Donnel 2000

Chalinolobus
tuberculatus
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No.

Method of

Location

Creation of

Network

Software

Bats

Location

Success

Subgroups

Measures

Used

capture

11.9 ± 6.4

cluster

censuses

(SD) per bat

analysis

none

N/A

roost

66.8% with

cluster
none

N/A

none

SOCPROG

degree, path

not

length

reported

none

SOCPROG

none

N/A

58A

Vonhof

Thyroptera

et al. 2004

tricolor

336B

searches

< 4 recaptures analysis

Campbell et

Cynopterus

32,

telemetry,

27.7 ± 10.1,

cluster

al. 2006

brachyotis C

99C

searches

34.1 ± 19.4C

analysis

Rhodes

Tadarida

et al. 2006

australis

Chaverri

Artibeus

et al. 2007

watsoni

Garroway and

Myotis

Broders 2007

septentrionalis

26.9 ± 28.6
19D

33 E

26F

telemetry

(SD) days

no

bats tracked

cluster

telemetry

for 5-17 d

analysis

PIT tags,

9.0 ± 5.4 (SD) cluster

telemetry

days per bat

analysis

Table 4.3―continued
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Popa-Lisseanu

Nyctalus

et al. 2008

lasiopterus

Fortuna

Nyctalus

et al. 2009

lasiopterus

Patriquin

Myotis

et al. 2010

septentrionalis

Chaverri 2010

Thyroptera
tricolor

Kerth et al. 2011

25G

25G

83H

163I

4-7 days

cluster

a week

analysis

none

N/A

4-7 days

modularity,

degree,

Aninhado

telemetry

a week

nestedness

betweenness

software

PIT tags,

8.4 ± 6.4 (SD) cluster

degree, reach,

NetDraw,

telemetry

days per bat

betweenness

SOCPROG

roost

not

density, clustering,

UCINET,

searches

reported

no

20500

modularity,

telemetry

Myotis
bechsteinii

Johnson et al.

Corynorhinus

2012

rafinesquii

81J

38K

PIT tags

telemetry

analysis

path length, centrality SOCPROG
Cuttlefish,

observations assortivity

none

549 of 568

degree, homophily,

days

A

total number of banded bats was 617; only 58 females were included in analysis

B

includes adult males and females, as well as juveniles

no

transitivity, density

MATLAB

UCINET

Table 4.3―continued
C

adult males and females; sample sizes represent radiotagged bats followed by bats observed during roost censuses; location success

reported for populations of two subspecies
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D

17 adult females (3 pregnant, 6 post-lactating, and 8 non-reproductive) and 2 males

E

total number of marked bats was 54; only 23 females and 10 males were included in analysis

F

total number of marked bats was 43 adult females; only bats located >2 days were included in analysis

G

adult females only; same dataset

H

adult females only

I

males and females

J

includes 61 and 20 females from 2 distinct colonies

K

includes 42 females (11 pregnant, 14 lactating, 11 post-lactating, and 6 non-reproductive) and 6 males from 3 distinct colonies

Table 4.4―Comparison of four association indices applied to four hypothetical scenarios of co-roosting in a dyad of bats. Assuming
minimal location bias, scenarios illustrate how number of days one bat is not located, and roost-switching, impart unequal bias into the
half-weight, twice-weight and pairwise association indices.
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Scenario AA

Scenario BB

Scenario CC

Scenario DD

x / (x + yab + ya + yb)

0.33

0.33

0.33

0.33

Half-weight

x / [x + yab + 0.5 (ya + yb)]

0.33

0.33

0.40

0.50

Twice-weight

x / (x + 2yab + ya + yb)

0.20

0.20

0.25

0.33

Pairwise sharing

[x / (x + yab + ya + yb)]–(1 / (st * rd)

0.23

0.083

0.17

-0.17

Index

Formula*

Simple

* where x = number of days bats A and B were found roosting together, yab = number of days bats A and B were located in different
roosts, ya = number of days only bat A was located, yb = number of days only bat B was located, st = simultaneous tracking days and
rd = number of roosts used per day averaged for Bat A and Bat B
A

represents a 30 day simultaneous tracking period where x = 10, yab = 20, ya = 0, yb = 0 and rd = 0.33 (both bats use 10 roosts)

B

represents a 30 day simultaneous tracking period where x = 10, yab = 20, ya = 0, yb = 0 and rd = 0.13 (both bats use 4 roosts)

C

represents a 30 day simultaneous tracking period where x = 10, yab = 10, ya = 10, yb = 0 and rd = 0.20 (both bats use 6 roosts)

D

represents a 30 day simultaneous tracking period where x = 10, yab = 0, ya = 20, yb = 0 and rd = 0.067 (both bats use 2 roosts)

Figure 4.1―Two-mode (a) and one-mode (b) network maps of a summer colony of
Rafinesque’s big-eared bats (Corynorhinus rafinesquii) and their day-roosts from
Kentucky, USA. Bats (open circles) and roosts (filled squares) are included in the twomode network map, while only bats (open circles = females; filled squares = males) are
included in the one-mode map. Network maps such as these can be used to help generate
hypotheses about network structure which can be tested using social network analysis.
A
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CHAPTER FIVE
HABITAT ASSOCIATIONS OF RAFINESQUE’S BIG-EARED BATS (Corynorhinus
rafinesquii) AND THEIR LEPIDOPTERAN PREY IN BOTTOMLAND HARDWOOD
FORESTS

Abstract― Effective conservation of forest bat species requires knowledge of both
daytime (roosting) and nocturnal (foraging) habitat use. These data have not been
collected in conjunction with one another for any bat species inhabiting bottomland
hardwood forests, included the southeastern United States. We radio-tagged 48 adult
Rafinesque’s big-eared bats (Corynorhinus rafinesquii) in a bottomland hardwood forest
in western Kentucky from 2009 to 2011. We tracked bats to 64 day roosts over 549 batdays and found bats roosted almost exclusively in hollow trees located in forested
wetlands (n = 59, 92%), and that reproductive females established their home ranges
closest to these habitats (P < 0.0001). Although few (n = 4, 6%) roosts were located in
deciduous forests at higher elevations, these forests were important foraging habitats for
pregnant females, which were observed foraging closest to these habitats within their
home ranges (P = 0.04). Abundance of Lepidoptera differed among habitats (P = 0.03),
with higher abundance in upland forests and along forest–field edges. Upland forests
were the only habitat preferentially selected by any Lepidopteran family (Notodontidae:
P < 0.05), and the only habitat not avoided by any family. These data confirm the
importance of forested wetlands to the ecology of Rafinesque’s big-eared bat, and
demonstrate the benefit of proximally-located upland forests providing habitat for moths,
the prey base of this bat.
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INTRODUCTION
Bottomland hardwood forests are an integral component of riparian floodplains in
the southeastern United States (Wilson et al. 2007; King et al. 2009). Bottomland
hardwood forests are biologically diverse ecosystems that provide habitat for wildlife
species and provide ecosystem services valued by human communities (Opperman et al.
2010). Much of the area historically covered by bottomland hardwood forests has been
cleared for agriculture, fragmenting once large, contiguous forests into smaller, isolated
stands (Twedt and Loesch 1999). In the Mississippi Alluvial Valley, for example, it is
estimated that bottomland hardwood forests now cover only 25% of the area occupied by
forests prior to the arrival of European settlers (Twedt and Loesch 1999). Management
and restoration of remnant forests is often challenged by pre-existing human alterations to
hydrology and geomorphology of the floodplain, factors that negatively affect the
ecology and function of these forests (Hupp et al. 2009; King et al. 2009; Shaffer et al.
2009; Opperman et al. 2010). These threats to the ecological and economic benefits of
bottomland hardwood forests have spurred considerable attention toward effective
strategies for managing these ecosystems, including the threatened and endangered
wildlife species that inhabit them (Wilson et al. 2007; King et al. 2009; Faulkner et al.
2011).
While the need to protect and manage remnant bottomland hardwood forests is
clear, perspectives on habitat management objectives vary (Faulkner et al. 2011). Wilson
et al. (2007) provide specific recommendations for desired forests conditions, including
promotion of large, contiguous forest tracts (>4000 hectares) with ≥70% forest cover.
These desired forests conditions do not correspond with the management priorities of all
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agencies overseeing the management of bottomland forests and it is unclear how different
management objectives will affect vulnerable wildlife species. Specifically, management
objectives for amount of forest cover, as well as forest structure, may potentially impact
the suitability of foraging and roosting habitat for bats (Hayes and Loeb 2007).
Rafinesque’s big-eared bat (Corynorhinus rafinesquii) is a small (8–12 g) forest
mammal found in bottomland hardwood forests throughout the southeastern United
States and is considered vulnerable throughout its range (Barbour and Davis 1969; Jones
1977; Bayless et al. 2011; NatureServe 2012). Several studies have demonstrated that
Rafinesque’s big-eared bats rely heavily on cavities in large-diameter bald cypress
(Taxodium distichum) and water tupelo (Nyssa aquatica) trees for maternity roosts,
highlighting the importance of mature bald cypress–water tupelo swamps as breeding
habitat for this rare bat (Gooding and Langford 2004; Carver and Ashley 2008;
Stevenson 2008; Rice 2009; Johnson and Lacki 2011). Rafinesque’s big-eared bats have
also been documented overwintering in tree hollows in cypress–tupelo swamps,
demonstrating that these bats can use bottomland hardwood forests year round (Rice
2009). Any reduction in forested area, therefore, should be expected to reduce the
availability of summer and winter roosting habitat for big-eared bats. Furthermore,
Rafinesque’s big-eared bats have wing morphologies better suited to maneuverability
versus long-distance flight (Norberg and Rayner 1987) and are reluctant to cross large
open areas (Clark 1990). Thus, Rafinesque’s big-eared bat is potentially vulnerable to
landscape-level fragmentation of bottomland hardwood forests.
Nocturnal habitat use by bats is influenced by the structural characteristics of
habitats and the distribution and abundance their prey (Hayes and Loeb 2007).
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Rafinesque’s big-eared bats, like other Corynorhinus species, specialize on Lepidopteran
prey captured by gleaning moths off the surface of vegetation and other substrates (Hurst
and Lacki 1997; Lacki and LaDeur 2001; Lacki et al. 2007a; Lacki and Dodd 2011).
Nocturnal movements and habitat use of big-eared bats is likely to be linked to the
diversity and abundance of moths across habitats, as well as the amount of vertical
habitat structure available for gleaning insects within those habitats (Hayes and Loeb
2007; Lacki and Dodd 2011). Presently, no published data exist on the nocturnal
movements of Rafinesque’s big-eared bats in relation to moth abundance and diversity in
bottomland hardwood forests. These data are necessary for conservation and management
of these bats given their reliance on bottomland hardwood forests and the intricate
relationships between daytime and nocturnal habitat use in these bats.
The goals of our study were to compare nocturnal movements and habitat use
among sex and reproductive classes of Rafinesque’s big-eared bats in conjunction with
surveys of habitat use by common moth families within a bottomland hardwood forest in
Kentucky, and to examine the spatial relationship between foraging and roosting habitats.
We hypothesized that (1) Rafinesque’s big-eared bats would use different habitats for
nocturnal foraging and day-roosting, and (2) that nocturnal habitat use by big-eared bats
would correspond to habitat use of moth families commonly found in the diets of these
bats.
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MATERIALS AND METHODS
Study Areas
Data were collected on the Ballard and Boatwright Wildlife Management Areas
(WMAs) located in Ballard County, Kentucky (37.180° N, -89.029° W). The WMAs
contain over 8,000 ha of land managed by the Kentucky Department of Fish and Wildlife
Resources (KDFWR). The WMAs consist of several disconnected habitat parcels ranging
280 m to 350 m asl in elevation along the floodplains of the Ohio and Mississippi Rivers,
on the northern edge of the Mississippi Alluvial Valley. The KDFWR manages these
lands primarily for waterfowl habitat and recreational hunting, management that includes
maintenance of old and active agricultural fields over approximately 30% of the total
area. Landcover for the remainder of habitats on the WMAs include deciduous forests
(located on higher, drier soil; 22%), forested and herbaceous wetlands (hereafter,
wetlands; 39%), and permanent lakes (8%) (Fig. 1). Dominant tree species on the WMAs
included bald cypress, water tupelo, sweetgum (Liquidambar styraciflua), oaks (Quercus
spp.) and hickories (Carya spp.). Land use in the area surrounding the WMA’s is
primarily agricultural.

Capture, Radio-telemetry, and Habitat Use
Bats were captured in mist nets (Avinet, Inc., Dryden, NY) placed over rivers,
forest roads, forest edges, and outside known day-roosts of Rafinesque’s big-eared bats
from late May through September 2009–2011. Age, sex, reproductive condition, body
mass, and right forearm length were recorded for all bats. We aged bats as adult or
juvenile by examining ephiphyseal-diaphyseal fusions of long bones in the wing (Brunet-
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Rossinni and Wilkinson 2009). We categorized females as pregnant, lactating or postlactating based on the presence of a fetus or teat condition (Racey 2009). We categorized
females with no sign of a fetus or lactation as non-reproductive. We categorized males as
scrotal or non-scrotal based on swelling of the epididymides (Krutzsch 2000; Racey
2009). We fitted adult males and females with 0.42 g (model LB-2N and LB-2N-T,
Holohil Systems, Ltd., Carp, Ontario) radio-transmitters attached between the shoulder
blades using surgical adhesive (Torbot, Cranston, RI; Perma-Type, Plainville, CT).
We attempted to locate the day-roosts of all radio-tagged bats by homing in on
radio signals using TRX-1000S telemetry receivers (Wildlife Materials Inc.,
Murphysboro, IL) and three-element yagi antennas (Advanced Telemetry Systems, Inc.,
Isanti, MN). We attempted to locate radio-tagged bats every day until transmitters had
fallen off or expired. We identified all roost trees to species, and recorded geographic
coordinates for all day-roosts with an accuracy of 3 m using a handheld GPS (Garmin
International, Inc., Olathe, KS).
We triangulated nocturnal locations of radio-tagged bats during the first 5 hours
of the night on 47 evenings to determine nighttime habitat use. Nocturnal locations were
triangulated at 2–min intervals by two field personnel communicating with hand-held
radios and recording simultaneous bearings. We took no more than 5 consecutive
bearings on an individual bat to reduce autocorrelation among locations (Swihart and
Slade 1985). We were unable to reliably detect transmitter radio-signals from distances
>1 km from the signal source, and bats frequently flew out of receiver range, preventing
establishment of permanent telemetry stations from which successful bearings could be
taken on several bats throughout the night (Johnson et al. 2007). We instead followed
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bats by vehicle as they moved across the landscape, stopping to take bearings when bats
were within receiver range. We distributed our telemetry effort to ensure that we
triangulated nocturnal locations for each bat in all of the foraging areas that we observed
bats flying to throughout the 5 hours after sunset. A dense network of roads in the study
area facilitated this approach, and allowed personnel to select temporary tracking stations
situated close to the signal source, eliminating the need for a third person to ground-truth
estimated locations (Johnson et al. 2007).
Nocturnal locations were triangulated using Locate III (Nams 2006) and imported
into ArcView v3.2 (ESRI Corporation 1999). Nocturnal locations were reviewed and any
location triangulated >1 km away from either observer’s position was discarded. We used
remaining locations to generate 95% (hereafter, home range) and 50% (hereafter, core
area) probability areas using the fixed kernel method (Seaman and Powell 1996; Seaman
et al. 1999) and the least squares cross-validation method (Worton 1989) contained in
the Animal Movement Extension for ArcView (Hooge and Eichenlaub 1997). We only
calculated home ranges and core areas for bats with ≥26 locations, based upon the
minimum number of locations recommended in Johnson and Lacki (2011). Locations of
day-roost were included in kernel estimates, using each roost location once, regardless of
the number of days a bat occupied the roost (Johnson et al. 2007; Johnson and Lacki
2011). We compared home ranges and core areas among sex and reproductive classes
using a one-way analysis of variance (ANOVA), with a significance level set at 0.05.
We analyzed nocturnal habitat use at the second (placement of home ranges on
the landscape) and third (use of habitats within home ranges) order levels for bats for
which we collected a sufficient number of telemetry locations needed to generate kernel
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estimates, using the Euclidean distance method (Johnson 1980; Conner and Plowman
2001; Conner et al. 2003). Euclidean distance analysis determines if triangulated
locations are closer to or farther from available habitats than would be expected under
random habitat use. This requires comparing the mean distance between nocturnal
locations and available habitats to the mean distances between random locations and
habitats using a multiple analysis of variance. Where habitat use was non-random,
habitats were ranked from closest to farthest from bat locations using t-tests with a
significance level set at 0.05. The Euclidean distance method is well suited for radiotelemetry data because it inherently considers telemetry error in its calculations, takes
patch size and shape into account, has a lower type I error rate, and does not require a
defined study area for third order analysis (Conner et al. 2003; Bingham and Brennan
2004). We defined the study area for second order analysis by surrounding all bat
locations with a minimum convex polygon and then buffering this polygon by the
greatest distance any bat was observed traveling in a single night (4334 m). Thus, the
study area for analysis included land managed as part of the WMAs, as well as
surrounding private lands. Roost locations were not used in second or third order
analyses.
We selected five habitats for our distance analysis using the 2001 National Landcover Database (NLCD, available at http://kygeonet.ky.gov, see Homer et al. 2004). We
verified the NLCD by comparing habitat polygons to 2008 aerial photographs
(http://kygeonet.ky.gov) and by driving and walking the study area. Habitats included for
analysis were: forested and herbaceous wetlands (24% of study area, hereafter referred to
as wetlands), deciduous forests (14%), active and inactive agricultural fields (46%,
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hereafter referred to as fields), field–forest edges, and lake–forest edges. Forested and
herbaceous wetlands were combined into a single habitat because they were typically
found together throughout the study area. We did not include open water in our analysis,
despite the fact that lakes were a prominent part of the landscape (13% of the area),
because big-eared bats glean moth prey off substrate surfaces and, thus, were not
expected to forage over open water (Lacki and Dodd 2011). We did, however, consider
the use of lake edges because vertical habitat structures, such as field–forest and lake–
forest edges, have been shown to influence habitat use in Corynorhinus species (Lacki
and Dodd 2011). Developed areas were not included in the analysis because they
comprised too small a portion of the study area (3%) for analysis.

Prey Selection, Diversity, and Abundance
We dissected fecal pellets as described by Whitaker (2009), identifying remains to
the order and, when possible, to the family level. We determined the percent volume that
each prey taxon (as well as any hair, unknown material, and plant material) contributed to
the total fecal volume of each pellet. We estimated volumes to the nearest 5% (Lacki et
al. 2007c). We dissected up to three fecal pellets per bat, and used within-individual
averages for summary statistics. We determined the frequency of occurrence of prey taxa
in the diet of each bat based upon the average occurrence across all pellets examined for
each bat, not the frequency of occurrence within individual pellets (Lacki et al. 2007c).
We sampled moth abundance and family richness using black-light traps (model
2851A and 2851U-12W). A small jar containing a cotton ball soaked in ethyl acetate was
placed inside traps to kill captured insects. We deployed black-light traps at sunset and
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removed them after 5 hrs, concurrent with nightly cessation of our radio-telemetry
tracking efforts. We did not leave traps set until sunrise because initial attempts to do so
resulted in capture of more insects (primarily Coleoptera and Hemiptera) than could be
contained inside the 11.4 L trap. Further, the density of insects often resulted in the
destruction of soft-bodied moths, necessitating reduced hours of sampling to minimize
damage to samples of this important prey group.
We deployed black-light traps in the five habitats included in the Euclidean
distance analysis. We placed black-light traps in the field, deciduous forest, and forested
wetland habitats, positioning traps ≥50 m from the nearest habitat edge. Black-light traps
were also placed along forest–field and forest–lake edges. Traps were placed ≥200 m
apart from one another. We established two sets of sampling locations (each set
containing all five habitats) in different regions of the WMAs centered on important dayroosting areas. We sampled the two habitat sets five times each, for a total of 10 evenings
occurring between mid-June and early August. This allowed us to deploy traps within
habitats located within approximately 1.5 km of day-roosting areas, and, therefore,
represented habitats and insect communities accessible to bats while they were being
radio-tracked.
Moths were removed from black-light trap samples and identified to the family
level following Covell (2005), counting the number of moths belonging to each family.
We classified all specimens with wingspans <10 mm and that could not be identified to
family as micro-lepidoptera. We dried all specimens and determined the total moth
biomass collected in each trap. We compared the number of moth families (family
richness) captured among habitats using a one-way ANOVA with a significance level set

120

at 0.05. We also compared the total number of moths captured among habitats using the
same statistical procedure. We compared abundance of moth families captured among
habitats using a chi-square goodness-of-fit test, and applied a Bonferroni z-statistic
adjustment to determine if use of each habitat was more or less than expected when the
chi-square was significant at the 0.05 level (Neu et al. 1974; Thomas and Taylor 1990).
We limited this analysis to families with a total ≥50 captures to prevent spurious
outcomes in selection of habitats as a result of rarity. All other insects (hereafter, nonLepidoptera) were counted, dried, and weighed as a single group due to the large number
of insects captured. We compared the abundance and biomass of non-Lepidopteran
insects captured per trap-night among habitats using a one-way ANOVA with a
significance level set at 0.05.

RESULTS
Capture, Radio-telemetry, and Habitat Use
We radio-tagged 42 adult female (11 pregnant, 14 lactating, 11 post-lactating, and
6 non-reproductive females) and 6 adult male Rafinesque’s big-eared bats. Pregnant
females were radio-tracked from 30 May through 8 June, representing the end of
gestation, as lactating females were captured in mist-nets as early as June 7. The average
increase in wing-loading (3.9 ± 0.1% SE) caused by the mass of radio-transmitters was
less than the 5% maximum recommended by Aldridge and Brigham (1988). Bats were
radio-tracked for 5–21 days (mean = 12.0 ± 0.5 d) each. We successfully located bats on
549 of 568 (97%) potential roost-days (1 roost-day = 1 radio-tagged bat tracked for 1
day). We located 64 day-roosts consisting of 45 bald cypress, 13 water tupelo, 2 swamp
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white oak (Quercus bicolor), 2 shellback hickory (Carya laciniosa), 1 sweetgum, and 1
concrete slab bridge. Roost trees were located almost exclusively in wetlands (n = 59;
92%) located in low-lying areas such as lake edges and sloughs within the WMAs.
Swamp white oak and shellbark hickory roosts (n = 4; 6%) were located in deciduous
forests on higher ground.
We collected ≥26 nocturnal locations (mean = 39 ± 1.5) for 39 Rafinesque’s bigeared bats (9 pregnant females, 12 lactating females, 10 post-lactating females, 3 nonreproductive females, and 5 males). Home range (F4, 34 = 0.60, P = 0.66) and core area
(F4, 34 = 0.81, P = 0.52) estimates did not differ among sex and reproductive classes
(Table 1). Second order habitat use by pregnant (Wilk’s λ = 0.0007, F = 1120, P <
0.0001), lactating (Wilk’s λ = 0.002, F = 649, P < 0.0001), and post-lactating females
(Wilk’s λ = 0.0007, F = 1418, P < 0.0001) was significantly different from random
(Table 2). Third order habitat use by lactating (Wilk’s λ = 0.71, F = 0.56, P = 0.73) and
post-lactating females (Wilk’s λ = 0.51, F = 0.95, P = 0.52) did not differ from random
use. Third order habitat use by pregnant females was significantly different from random
(Wilk’s λ = 0.10, F = 7.0, P = 0.04) (Table 3). We were not able to analyze habitat use by
males (n = 5) and non-reproductive females (n = 3) due to low sample sizes.

Prey Selection, Diversity, and Abundance
We were able to collect 38 fecal pellets from 18 adult female (4 pregnant, 7
lactating, 4 post-lactating, and 3 non-reproductive) and 2 adult male big-eared bats. Fecal
pellets were composed primarily of moths (80%), with lesser amounts of Coleoptera
(beetles; 15%), Trichoptera (Caddisflies; 2%), Hemiptera (<1%), Neuroptera (<1%), and
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hair (2%). Remains of moths were identified in 100% of samples, with beetles (90%),
Trichoptera (20%), Hemiptera (10%), and Neuroptera (5%) identified less frequently. We
did not compare percent volume of prey taxa among sex and reproductive classes due to
low sample sizes.
We sampled insects on 10 nights during 2009 and 2010, collecting 7,648 moths
and 453,212 non-Lepidopteran insects (Table 4). Habitats differed in number of moths
(F4, 45 = 3.08, P = 0.03, Table 4) and non-Lepidopteran prey captured (F4, 45 = 8.58, P <
0.0001, Table 4). Habitats also differed in moth biomass (F4, 45 = 3.98, P = 0.008, Table
5) and non-Lepidopteran biomass (F4, 45 = 4.93, P = 0.002, Table 4). Moth family
richness differed among habitats (F4, 45 = 12.9, P < 0.0001, Table 5). Of the 12 moth
families we identified, habitat use differed from random for Arctiidae (χ2 = 263, P <
0.01), Geometridae (χ2 = 318, P < 0.01), Noctuidae (χ2 = 136, P < 0.01), Notodontidae
(χ2 = 34, P < 0.01), Pyralidae (χ2 = 128, P < 0.01), and Tortricidae (χ2 = 28, P < 0.01), as
well as micro-lepidopterans (χ2 = 879, P < 0.01) (Table 5). We did not test for habitat use
for six families of moths (Limocodidae, n = 30; Lymantriidae, n = 25; Oecophoridae, n =
13; Sphingidae, n = 10; Yponomeutidae, n = 15; Zygaenidae, n = 34) due to insufficient
captures.

DISCUSSION
We found that both wetland and deciduous forests are essential habitats for
Rafinesque’s big-eared bat in bottomland hardwood forests in western Kentucky. Bats
roosted almost exclusively in wetlands containing large-diameter, hollow bald cypress or
water tupelo trees. These roosts were situated in topographic depressions, with bald
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cypress located along the shallow edges of lakes and water tupelo primarily located in
sloughs. Reproductive females centered their home ranges closer to wetlands than any
other habitat, likely because of the critical day-roosting habitat forested wetlands provide.
Although deciduous forests were relatively unimportant for roosting habitat, reproductive
females also located their home ranges significantly closer to these habitats than
expected, demonstrating their importance as nocturnal foraging habitats, especially
during pregnancy.
We found no evidence to suggest that size of home ranges differs among sex and
reproductive classes of Rafinesque’s big-eared bat. We found these bats to use home
ranges areas smaller than those commonly recorded for bats in other North American
genera (Duchamp et al. 2004; Sparks et al. 2005; Johnson et al. 2007; Lacki et al. 2007).
This finding is not surprising given results for other Corynorhinus species (Adam et al.
1994; Wethington et al. 1996), including two studies of Rafinesque’s big-eared bats
inhabiting upland forest ecosystems (Menzel et al. 2001; Hurst and Lacki 1999). Small
home ranges among Rafinesque’s big-eared bats may be related to the wing morphology
of the species which, although well suited to maneuverable flight and gleaning prey off
substrate surfaces, is likely less efficient in long distance flights compared to species with
greater aspect ratios and higher wing loadings (Norberg and Rayner 1987).
We suggest that wing morphology places constraints on Rafinesque’s big-eared
bats, requiring them to seek out suitable foraging habitat in closer proximity to day-roosts
compared to other North American bat species. Our third order habitat use analyses found
differences in habitat use among female reproductive classes, with pregnant females
being the lone reproductive class found to use habitats non-randomly within their home
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range. Pregnant females were located closest to deciduous forests; significantly closer to
these forests than fields and forest–field edges. The importance of deciduous forest to
pregnant females was also reflected in the finding that these females, unlike other
reproductive classes, did not have home ranges located closer to wetlands than deciduous
forest.
Third order habitat use was random for lactating and post-lactating females,
meaning these reproductive classes used habitats in proportion to their availability within
their home range. This does not mean that all habitats are equally suitable for foraging. It
is clear from our second order analyses that all female reproductive classes placed their
home ranges farther from fields, the dominant habitat in the study area, than all other
habitats. Relatively few telemetry locations were located in fields, and even fewer were
situated near the center of these open habitats (Fig. 1), supporting Clark’s (1990)
observation that these bats are hesitant to cross large open areas. We postulate that the
proportional use of fields we observed within the home range resulted from the
proportional distribution and juxtaposition of fields within the study area. Fields were
commonly interspersed among forest stands, and there were few stands with interiors
located ≥ 300 m from the nearest field (Fig. 1). Several roosting areas were within 50 m
of fields because forests were often cleared close to lake edges, and sloughs were often
surrounded by narrow forest corridors. We frequently observed bats foraging within
small forested areas within 100–200 m of their day-roosts for the first 30–60 min
following emergence from roosts at dusk. Thus, fields were difficult for bats to avoid due
to their close proximity to foraging and roosting areas. Although fields are likely used to
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some extent, we postulate that they are not highly productive foraging habitats for
Rafinesque’s big-eared bats, given our telemetry and moth abundance data.
Previous studies of nocturnal habitat use of Rafinesque’s big-eared bat occurred
in upland forested ecosystems, making comparisons difficult (Hurst and Lacki 1999;
Menzel et al. 2001). These studies do show, however, that forested uplands are important
foraging habitat for Rafinesque’s big-eared bat, consistent with our findings. While our
data do not unequivocally show that deciduous forests are more suitable foraging habitats
than wetlands or forest–lake edges, they do show that upland deciduous forests are
commonly frequented foraging habitats of Rafinesque’s big-eared bats, even for
populations roosting in bottomland hardwood forests. Differences in habitat selection
among female reproductive classes may reflect a greater need among pregnant females to
find suitable foraging habitats in closer proximity to their day-roosts; especially in late
gestation when fetal development is almost complete and the added burden in body mass
the heaviest, resulting in increased energetic cost of flight.
The idea that Rafinesque’s big-eared bat is a moth specialist is well established
(Hurst and Lacki 1997; Lacki and LaDeur 2001; Lacki et al. 2007a); however, our study
is the first to collect data on nocturnal movements of these bats in association with data
on habitat use of various moth families. We collected fewer moths in open fields
compared to deciduous and forest–field edges, and collected fewer families in fields than
all other habitats. Other studies of the distribution of moth taxa across habitats have
reported similar findings, demonstrating relatively low floristic diversity in fields, due to
paucity in woody plant species, results in lower moth diversity and abundance (Burford et
al. 1999; Summerville and Crist 2002; Dodd et al. 2008). Our habitat use analyses
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showed fields were avoided by all moth families included in the analysis, as well as by
micro-lepidopterans. No moth family avoided deciduous forests, and Notodontidae was
found to select these forests stands. Deciduous forests had the greatest average number of
Arctiidae, Geometridae, Noctuidae, and Pyralidae; although these families were all found
to use deciduous forests at random. Arctiidae, Geometridae, and Pyralidae all avoided at
least one habitat in addition to fields, further demonstrating the importance of deciduous
forests.
Dietary studies of Rafinesque’s big-eared bat have examined prey selection
beyond the ordinal level (Hurst and Lacki 1997; Lacki and LaDuer 2001; Lacki and Dodd
2011). These studies have found that Arctiidae, Geometridae, Noctuidae, Notodontidae,
and Sphingidae are the moth families most commonly consumed by Rafinesque’s bigeared bat by identifying moth wings culled by these bats at feeding roosts. Although the
importance of specific families and specific prey sizes is clear from these studies, it is
unknown whether or not micro-lepidopterans are unimportant in the diet of big-eared
bats, or simply consumed whole and, therefore, underrepresented at feeding roosts.
Deciduous forests and forest–field edges were the only habitats used at random, and not
avoided by micro-lepidopterans, suggesting these habitats would be productive foraging
areas if these small moths are consumed by Rafinesque’s big-eared bat. Thus, there is a
need for genetic studies documenting the prevalence of specific prey in the diet of
Rafinesque’s big-eared bat to provide more resolution on which families and species of
moths these bats prefer (Dodd et al. in press).
In the absence of finer-scale dietary information, however, our data show
considerable overlap in the nocturnal habitats selected by Rafinesque’s big-eared bat and

127

its known moth prey. Nocturnal habitat use by bats and moths both demonstrate the
importance of stands of deciduous forests located on higher ground within bottomland
hardwood forests. Wetlands, forest–lake, and forest–field edges were also used by bats
and moths, although use of these habitats was not consistent among moth families and
reproductive classes of female bats.
Our data may explain why an examination of habitats associated with higher
captures of Rafinesque’s big-eared bats in mist-nets found a negative correlation between
bat captures and bald cypress, but positive correlations with dry forest corridors and the
percent of vegetative ground cover (Medlin and Risch 2008). Medlin and Risch (2008)
suggested that sites with more vegetative ground cover experienced less recent flooding
than sites with less cover, resulting in decreased insect diversity and abundance, and,
therefore, decreased bat activity. The effect of flood waters may also explain the stronger
preference of pregnant females for deciduous forests compared to lactating and postlactating females. Flood waters remained relatively high in many wetlands during
gestation, and vegetative cover in these areas increased later in the summer. This may
have led to increased moth diversity and abundance, as well as vegetative surface area for
gleaning, making these habitats more suitable for foraging by lactating and post-lactating
females. More data on the effects of periodic and seasonal flood waters on forest
structure and the abundance and distribution of moths in bottomland hardwood forests are
needed to fully understand the foraging behaviors of Rafinesque’s big-eared bat.
Although fields are not likely to be highly profitable foraging habitats for
Rafinesque’s big-eared bats, the high moth abundance and family richness we
documented at forest–field edges suggest that field edges may provide valuable foraging
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opportunities. Given the avoidance of fields by moths, it is likely that moths captured at
forest–field edges originated in the adjacent forest stands. In a review of diet and foraging
behavior of eastern Corynorhinus species, Lacki and Dodd (2011) suggest that these bats
prefer to forage in habitats with abrupt changes in vertical structure, including forest–
field edges, despite data suggesting field edges are often avoided by moth families
commonly eaten by these bats (Arctiidae, Geometridae, Noctuidae, and Notodontidae).
Edge habitats, and other habitats with diversity in vertical structure, may be preferred
foraging habitats because they provide a greater or more suitable surface area for
gleaning insects. We did not find widespread avoidance of edges by moth families, only
avoidance by Geometridae, and preference for deciduous forests over edges by
Notodontidae. Interestingly, pregnant females were found closer to deciduous forest than
forest–field edges, inconsistent with the suggestion that edge are preferred foraging
habitats of Rafinesque’s big-eared bat (Lacki and Dodd 2011). Our study did not quantify
forest structure or vegetative “clutter” (i.e., surface area for gleaning) across different
habitats, however. Further studies are needed to determine the effect of vertical structure
on the foraging behaviors of Rafinesque’s big-eared bat and to assess potential impacts of
desired forest conditions in the Mississippi Alluvial Valley (Wilson et al. 2007).
Regardless of the role of forest structure, it is clear from these data that deciduous
forests and forested wetlands are important habitats for Rafinesque’s big-eared bat, and
that deciduous forests located in close proximity to forested wetlands containing day
roosts are essential foraging habitats. Management of bottomland hardwood forests
emphasizing the maintenance of open habitats with low floristic diversity, such as old and
active agricultural fields, reduced potential habitat for these bats and their moth prey.
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While fields represent open areas suitable for nocturnal foraging by several other bat
species (Hayes and Loeb 2007), over-emphasizing the maintenance of these habitats
separates foraging and roosting areas of Rafinesque’s big-eared bat, which does not
prefer to forage in, or cross, open habitats. Furthermore, loss of contiguous roosting
habitats may isolate colonies these big-eared bats (Johnson et al. 2012), and reducing
forest cover to small patches negatively impacts moth diversity and abundance
(Summerville and Crist 2003). We conclude that the desired forest conditions
recommended by the Lower Mississippi Valley Joint Venture Forest Resource
Conservation Working Group (2007), most notably establishment of large, contiguous
forested areas, will provide habitat needed for both Rafinesque’s big-eared bat and its
prey in bottomland hardwood forests. We recommend more research into the effect of
vertical structure on suitability of foraging habitats in deciduous stands, and the impact of
seasonal flooding on the availability of moth prey.
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Table 5.1—Summary (means ± 1 SE) of 95% and 50% kernel home range estimates for
sex and reproductive classes of Rafinesque’s big-eared bats radio-tracked in Ballard
County, Kentucky, from May–September, 2009–2011.
95% Kernel Home Range

50% Kernel Home Range

Males (5)

116 ± 51.7

10.8 ± 4.8

Pregnant females (9)

111 ± 37.1

10.3 ± 3.4

Lactating females (12)

183 ± 52.9

13.1 ± 3.8

Post-lactating females (10)

102 ± 32.4

7.3 ± 2.3

Non-reproductive females(3) 84.2 ± 48.6

14.4 ± 8.3

All bats (39)

24.4 ± 3.2

170 ± 21.3
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Table 5.2—Second order habitat use of female reproductive classes of Rafinesque’s big-eared bats radio-tracked in Ballard County,
Kentucky, from May–September, 2009–2011.
Closest

Farthest

Pregnant females (9)

Wetlands A

Deciduous forests A

Lake Edges B Field Edges C Fields D

Lactating females (12)

Wetlands A

Deciduous forests B

Lake Edges C Field Edges D Fields E

Post-lactating females (10)

Wetlands A

Deciduous forests B

Lake Edges B Field Edges C Fields D

Within rows, home ranges are located closer or farther from habitats not sharing common letters (P < 0.05)
133

Table 5.3—Third order habitat use of female reproductive classes of Rafinesque’s big-eared bats radio-tracked in Ballard County,
Kentucky, from May–September, 2009–2011.
Closest

Farthest

Pregnant females (9)

Deciduous forests A

Wetlands A, B

Lake Edges A, B

Field Edges B Fields B

Lactating females (12)

Deciduous forests

Wetlands

Lake Edges

Field Edges

Fields

Post-lactating females (10)

Deciduous forests

Field Edges

Wetlands

Lake Edges

Fields

Within rows, home ranges are located closer or farther from habitats not sharing common letters (P < 0.05)
134

Table 5.4—Summary (means ± 1 SE) of insects captured in black-light traps in five habitats located in a bottomland hardwood forest
in Ballard County, Kentucky, May-August, 2009–2010.
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Habitat

Moths (n)

Moth Biomass (g)

Moth Families (n)

Non–Lepidoptera (n) Non–Lepidoptera (g)

Deciduous forests

207 ± 36.5 A

1.2 ± 0.2 A, B

8.0 ± 1.1 A

3312 ± 1116 A

21 ± 5.6 A

Wetlands

148 ± 43.1 A, B

1.0 ± 0.3 A, B

7.5 ±1.4 A

5892 ± 1508 A

37 ± 6.8 A

Forest–water edge

137 ± 16.8 A, B

0.8 ± 0.1 A, B

6.5 ± 1.9 A

5881 ± 1525 A

39 ± 8.6 A

Forest–field edge

224 ± 63.2 A

1.5 ± 0.2 A

7.5 ±1.5 A

10668 ± 3296 A

59 ± 17 A, B

Fields

49.4 ± 15.6 B

0.4 ± 0.1 B

3.6 ± 1.7 B

19569 ± 2739 B

139 ± 42 B

Within columns, rows not sharing common letters are significantly different (P < 0.05).

Table 5.5—Number of individuals (means ± 1 SE) belonging to common moth families and micro-lepidoptera captured in black-light
traps in five habitats located in a bottomland hardwood forest in Ballard County, Kentucky, May-August, 2009–2010.
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Habitat

Arctiidae

Geometridae Noctuidae

Notodontidae Pyralidae

Tortricidae

Micro-lepidoptera

Deciduous forests

9.4 ± 3.8 R

32.8 ± 13.5 R 19.6 ± 3.3 R

2.4 ± 0.4 S

29.4 ± 6.2 R

2.3 ± 0.7 R

107 ± 22.7 R

Wetlands

4.8 ± 1.2 A

27.5 ± 9.4 R

14.5 ± 5.4 R

1.0 ± 0.2 R

20.6 ± 8.5 A

3.4 ± 0.9 R

61.7 ± 19.5 A

Forest–water edge

2.1 ± 0.7 A

17.0 ± 3.9 A

15.4 ± 2.9 R

0.4 ± 0.3 A

24.8 ± 7.4 R

2.5 ± 0.8 R

33.2 ± 10.5 A

Forest–field edge

6.1 ± 2.2 R

15.7 ± 4.1 A

17.7 ± 5.0 R

1.2 ± 0.4 R

24.8 ± 3.9 R

2.8 ± 1.2 R

145.9 ± 59.7 R

Fields

2.5 ± 2.0 A

1.1 ± 0.6 A

2.1 ± 0.9 A

―A

7.7 ± 3.0 A

0.1 ± 0.1 A

32.8 ± 15.0 A

S, A, R

Within columns S denotes selection, A denotes avoidance, and R denotes random use of a habitat (P < 0.05).

Dashes are used when no specimen was captured in a given habitat.

Figure 5.1―Aerial photo showing the northern section of the study area in Ballard
County, Kentucky. White stars represent day-roosts used by Rafinesque’s big-eared bats.
White circles represent triangulated nocturnal locations.
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CHAPTER SIX
SUMMER HETEROTHERMY OF RAFINESQUE’S BIG-EARED BATS
(Corynorhinus rafinesquii) ROOSTING IN TREE CAVITIES IN BOTTOMLAND
FORESTS

Abstract― Bats are heterothermic endotherms capable of maintaining a high core body
temperature or reducing their thermoregulatory set-point to enter a state of torpor. Torpor
can confer substantial energy savings, but also incurs ecological costs, such as hindering
allocation of energy towards reproduction. We placed temperature-sensitive radiotransmitters on 44 adult Rafinesque’s big-eared bats (Corynorhinus rafinesquii) and
deployed microclimate dataloggers inside 34 day-roosts to compare sex and reproductive
classes of bats in their use of torpor during the summer reproductive season. We collected
324 bat-days of skin-temperatures from 36 females and 4 males. Reproductive females
entered fewer torpor bouts per day than non-reproductive females and males (P <
0.0001), and pregnant and lactating females had higher average (P < 0.0001) and
minimum (P < 0.0001) skin-temperatures than non-reproductive females. Pregnant
females spent less time torpid (P < 0.0001) than non-reproductive females, but lactating
females used relatively deep, long torpor bouts when entering torpor. Microclimates
varied among tree species with different configurations of entrances to the roost cavity (P
< 0.0001). Bats spent more time torpid when roosting in water tupelo trees possessing
only a basal entrance to the cavity (P = 0.001). Of the tree species used as roosts, water
tupelo (Nyssa aquatica) exhibited the least variable daytime and nighttime temperatures.
These data demonstrate use of summer torpor is not uniform among sex and reproductive
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classes in Rafinesque’s big-eared bat, and variation in microclimate among tree roosts
due to species and structural characteristics facilitates use of different thermoregulatory
strategies in these bats.

INTRODUCTION
Bats inhabiting temperate and tropical climates are capable of saving energy by
entering a state of torpor, where core body temperature can be substantially lower than
normothermic temperatures (Speakman and Thomas 2003; Geiser et al. 2011). Torpor is
not an abandonment of thermoregulation, but is instead a reduction of the
thermoregulatory set-point, and defense of a lower core body temperature (Florant and
Heller 1977; Heller et al. 1977). Energetic savings from torpor stem from internal
metabolic rate suppression, as well as thermodynamic constraints on biochemical
processes (Storey et al. 2010). Energetic savings are, therefore, most pronounced during
winter hibernation at low temperatures, with initial declines from high body temperatures
conferring the greatest energy savings (Studier 1981; Webb et al. 1993).
The growing number of studies demonstrating use of torpor by bats during the
summer months suggests heterothermy is also an important physiological strategy during
summer (Hamilton and Barclay 1994; Chruszcz and Barclay 2002; Lausen and Barclay
2003; Turbill et al. 2003; Solick and Barclay 2006; Turbill and Geiser 2006; Rambaldini
and Brigham 2008; Stawski and Geiser 2010). It is unclear, however, how bats of
different sexes and reproductive conditions balance the energetic and ecological costs and
benefits of torpor (Speakman 2008). For example, torpor prevents energy allocation
towards fetal development and milk production, but is also a key adaptation which allows
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females to meet the increased energetic demands of lactation (Racey and Swift 1981;
Racey and Speakman 1999; Wilde et al. 1999). Thus, while heterothermy represents an
important adaptation for energy savings, its costs and benefits during summer months are
likely to vary among ages, sexes, and reproductive classes.
An ecophysiological understanding of summer torpor includes knowledge of how
bats interact with their environment and make use of available thermal resources. Many
environments provide bats with a spectrum of thermal resources, each better suited to
different thermoregulatory strategies. For example, long-legged myotis (Myotis volans) in
the Pacific Northwest of the United States select among trees, rock crevices, and caves
for their daily roost sites (Ormsbee and McComb 1998; Baker and Lacki 2006). While
this is an extreme example of the range of available thermal resources, a diversity of
roosting microclimates is likely available in most environments. Different tree species
provide different thermal habitats (Ruczyński 2006), as do trees with different structural
properties, such as the configuration of entrances to internal cavities (Rice 2009). In large
roosts such as buildings, temperatures also vary within the roost itself (Betts 2010). Our
knowledge of these microclimates, and how they are suited to different thermoregulatory
strategies, remains limited, however, illustrating the need for more field studies which
compare roost selection, roost microclimates, and thermoregulation among different sex
and reproductive classes of bats (Chruszcz and Barclay 2002; Lausen and Barclay 2003;
Solick and Barclay 2006).
Rafinesque’s big-eared bat (Corynorhinus rafinesquii) is a small (8-14 g), forestdwelling bat that is uncommon throughout its range, primarily the southeastern United
States (Jones 1977; Bayless et al. 2011). Rafinesque’s big-eared bat is an ideal species for
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studies of comparative ecophysiology because of the diversity of thermal habitats the
species is known to use. In the southern portion of the range, Rafinesque’s big-eared bat
relies heavily on tree cavities in bottomland hardwood forests, with concrete bridges also
used (Trousdale et al. 2008; Bennett et al. 2008; Rice 2009). Tree cavities are used as
roosts in the northern portion of the range, but the availability of caves and rock shelters
in this region add additional choices to the selection of roosting habitats (Hurst and Lacki
1999; Johnson and Lacki 2011). Although populations occupying bottomland hardwood
forests may have a more limited range of thermal resources compared to populations
inhabiting karst regions, tree cavity microclimates likely vary based upon the tree species
and the configuration of the roost cavity, giving these bats opportunities to select from
among a number of thermal habitats each day (Rice 2009). Our study examined use of
summer torpor by Rafinesque’s big-eared bats inhabiting a bottomland hardwood forest.
We hypothesized that: 1) pregnant and lactating females would enter fewer, shorter, and
shallower torpor bouts than other sex and reproductive classes, 2) thermal habitats would
differ among tree species and roost cavity configurations, and 3) different reproductive
classes of females would select roosts with different thermal microclimates.

MATERIALS AND METHODS
Study area
Data were collected on the Ballard and Boatwright Wildlife Management Areas
(WMAs) located in Ballard County, Kentucky (37.180° N, -89.029° W). The WMAs
consist of >8,000 ha of seasonally flooded bottomland hardwood forests, lakes, and
agricultural lands ranging 280 m to 350 m asl in elevation. Dominant tree species
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included bald cypress (Taxodium distichum), water tupelo (Nyssa aquatica), sweetgum
(Liquidambar styraciflua), oaks (Quercus spp.) and hickories (Carya spp.). We radiotracked bats within 3 sub-units of the WMAs, each separated by 3–16 km. We considered
bats in these areas to be distinct summer colonies because neither radio-tagged nor
banded bats were ever observed moving among these areas. Daily temperatures during
the summer typically exceed 30º C, peaking in July (mean monthly temperature of 26.2°
C), when young become volant (Johnson and Lacki 2011; Johnson et al. 2012; NOAA
2000). January is the coldest month, with a mean temperature of 1.2° C.

Temperature-sensitive radio-telemetry
All methods were approved by the University of Kentucky Institutional Animal Care and
Use Committee (IACUC No. A3336-01). We captured bats in polyester mist nets
(Avinet, Inc., Dryden, NY) placed in flight corridors and outside entrances to known
roosts. We recorded the age, sex, reproductive condition, body mass, and right forearm
length of all captured bats. We classified bats as adult or juvenile by examining
ephiphyseal-diaphyseal fusions of long bones in the wing (Brunet-Rossinni and
Wilkinson 2009). We identified females as pregnant, lactating or post-lactating based on
the presence of a fetus or teat condition (Racey 2009), and identified females with no sign
of a fetus or lactation as non-reproductive. We identified males as scrotal or non-scrotal
based on swelling of the epididymides (Krutzsch 2000; Racey 2009). We banded male
bats on the right forearm and females on the left forearm, with individually numbered
split-lip aluminum bat bands supplied by the Kentucky Department of Fish and Wildlife
Resources for future re-identification. A subset of adult males and females were fitted
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with 0.42 g (model LB-2N-T, Holohil Systems, Ltd., Carp, Ontario) temperaturesensitive radio-transmitters attached between the shoulder blades using surgical adhesive
(Torbot, Cranston, RI; Perma-Type, Plainville, CT).
We attempted to locate radio-tagged bats each day until transmitters had fallen off
or expired. Day-roosting bats were located by homing in on radio signals using TRX1000S telemetry receivers (Wildlife Materials Inc., Murphysboro, IL) and three-element
yagi antennas (Advanced Telemetry Systems, Inc., Isanti, MN). Roost trees were
identified to species, and assigned to 1 of 4 roost configurations based upon the location
of the entrance to the tree cavity (Rice 2009; Johnson and Lacki 2011). Type I trees
possessed only a basal entrance, type II possessed basal and top entrances, type III
possessed only a top entrance, and type IV possessed only entrances located along the
stem of the tree. We combined tree species and roost configuration into a single variable
(species-configuration) for torpor and microclimate analyses because several roost types
were not represented by all tree species (see Results). Additional roost habitat
measurements were recorded as described in Johnson and Lacki (2011).
We deployed 2 datalogging receivers (model R4500S, Advanced Telemetry
Systems, Inc., Isanti, MN) at locations within the study area that maximized the number
of bats we could monitor each day. Receivers were placed inside watertight boxes and
programmed to record pulse rates of each radio-transmitter at 5-min intervals. Receivers
remained in the field day and night while bats were radio-tagged. We checked receivers
for maintenance each morning and moved them to a new location when bats switched
roosts. Because each radio-transmitter is individually calibrated, we applied a unique
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polynomial equation based upon the calibration of each transmitter to convert each
recorded pulse rate to a skin-temperature (Tsk).
We applied an equation for an energy-based temperature threshold for the onset of
torpor (Tonset) to classify each recorded Tsk as torpid or normothermic (Willis 2007). This
equation requires simultaneous measures of Tsk and temperature inside the roost (Tr),
limiting our ability to calculate Tonset to days that bats occupied roosts with microclimate
dataloggers. Because calculated Tonset values ranged from 32.1−33.0º C, we applied a
conservative Tonset value of 32º C to all Tsk recordings for analyses. We considered bats to
be torpid when Tsk was <32º C for two consecutive 5 min recordings, and considered
torpor bouts over when Tsk ≥32. This value is just above the mathematically derived
lower limit of the thermal neutral zone (TNZ) for this species, 30º C, based upon the
equation in Speakman and Thomas (2003).
For each bat-day (1 bat-day = 1 day of Tsk data starting before 1200 hr), we
determined the number of torpor bouts used, the total amount of time spent torpid,
average Tsk, minimum Tsk, and variance in Tsk. Each variable was compared separately
among sexes and reproductive classes using nested two-way analysis of variance
(ANOVA), using bat reproductive status and roost species-configuration as main effects
and a 0.05 significance level for difference. We nested daily observations for each bat
within reproductive status for this analysis to prevent pseudo-replication (daily
observations for the same bat are not independent samples) while incorporating day-today variability in torpor behavior and roost selection. When the overall model was
significant, we compared means using Fisher’s Least Significant Difference (LSD) based
on the nested error term. To compare the depth of torpor bouts, we limited our dataset to
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bat-days when torpor was used and compared depth (degrees below Tonset) among sexes
and reproductive classes using a nested two-way ANOVA as described above.
We determined the percentage of bat-days each bat was found to use torpor
during the time it was radio-tracked. We compared frequency of torpor use (arcsine
transformed) among sexes and reproductive classes using a one-way ANOVA with a
significance level for difference of 0.05, and Fisher’s LSD for means comparisons when
the overall model was significant. We calculated the Heterothermy Index (HI) for each
bat to quantify individual variability in Tsk over all bat-days (Boyles et al. 2011). One
difficulty with the HI is the selection of an optimal body temperature (Tb-opt) for
comparison with recorded Tb, or in our case, Tsk. We used the modal Tsk observed for
each bat as Tb-opt, as recommended by Boyles et al. (2011). We compared HI values
among sexes and reproductive classes using a one-way ANOVA with a significance level
for difference of 0.05, and Fisher’s LSD for means comparisons when the overall model
was significant.

Roost microclimates
We deployed 2 HOBO dataloggers (model U23-001, and UA-002-08, Onset
Computer Corporation, Bourne, MA) inside a subset of roosts to measure temperature,
light, and relative humidity inside tree cavities. We attempted to consistently place
dataloggers at a height of 4 m above the ground or water level. We selected this height
because it was approximately 1 m lower than the regularly observed height of roosting
bats. This was done by attaching dataloggers to polyvinyl chloride (PVC) pipes inserted
through basal cavity entrances where present. For trees without basal entrances, we
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lowered dataloggers into the roost cavity using fishing line from the lowest access point.
We programmed dataloggers to record microclimate measurements at 15 min intervals.
Dataloggers were checked after 6 months for maintenance, and permanently removed
after 1 year. Because the study area seasonally floods, we visually inspected daily
temperature profiles from each roost to identify days when dataloggers were submerged
for all or part of the day, and removed these from the analyses and summaries.
We measured ambient temperature (Ta) outside roosts by placing dataloggers
inside solar radiation shields at 2 locations. These dataloggers were programmed to
record microclimate measurements at the same 15-min intervals as roost dataloggers. We
paired roost dataloggers with the closest ambient datalogger and calculated Tr – Ta for
each 15 min interval to evaluate roost microclimates in relation to daily weather. All
measurements were classified as a daytime or nighttime measurement based upon local
sunrise and sunset times. We calculated the daily daytime and nighttime average and
variance in Tr for each roost, as well as the daily daytime and nighttime average and
variance of Tr – Ta, for each full day of sampling. All measurements were assigned 1 of 4
seasons based upon the observed timing of gestation (01 April – 09 June), lactation (10
June – 09 July), and post-lactation (10 July – 14 October). Winter was defined as 15
October – 31 March. It is currently unknown if these bats overwinter within the study
area, but research in similar habitats at more southerly latitudes shows Rafinesque’s bigeared bat overwinters in trees (Rice 2009).
We evaluated differences in daily average Tr, variance in Tr, average Tr – Ta, and
variance in Tr – Ta in separate nested two-way ANOVAs. We nested daily observations
for each roost within each species-configuration. We constructed two sets of models; 1
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set of models using daytime data, and 1 set using nighttime data. All models used
species–configuration and season as main effects. Differences were significant at P =
0.05, with Fisher’s LSD used for means comparison based on the nested error term when
the overall model was significant. We compared diameter, height, and percent canopy
cover (arcsine transformed) surrounding roost species-configuration using one-way
ANOVAs with a significance level for difference of 0.05, and Fisher’s LSD for means
comparisons when the overall model was significant.

RESULTS
Temperature-sensitive radio-telemetry
We fitted 39 adult females (11 pregnant, 14 lactating, 8 post-lactating, and 6 nonreproductive) and 5 adult males with temperature-sensitive radio-transmitters. Radiotransmitters increased wing-loading by an average of 3.9 ± 0.6% (SD); less than the 5%
maximum loading recommended by Aldridge and Brigham (1988). We were unable to
collect Tsk data from 3 lactating females and 1 male, but collected 324 bat-days of data
from the remaining 40 bats. We documented use of torpor by 4 pregnant females, 6
lactating females, 6 post-lactating females, 4 non-reproductive females, and 3 males, on
81 bat-days (25%). Reproductive classes did not differ in HI (F4, 35 = 0.89, P = 0.48) or
percent of days bats used torpor (F4, 35 = 1.5, P = 0.22; Table 1).
We removed 2 bat-days occurring within type I sweetgum roosts, and 3 bat-days
occurring within type IV cypress roosts from ANOVA models due to low sample sizes
for these species-configurations. The overall model for number of torpor bouts was
significant (F52, 266 = 3.6, P < 0.0001), with differences detected among reproductive
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classes (P < 0.0001), but not species-configuration (P = 0.13; Table 2). The overall
model for time spent torpid was significant (F52, 266 = 4.7, P < 0.0001), with differences
detected among reproductive classes (P = 0.01), species-configuration (P = 0.001), and
interaction effect (P < 0.0001). The overall model for average Tsk was significant (F52, 266
= 7.8, P < 0.0001), with differences detected among reproductive classes (P = 0.048), but
not species-configuration (P = 0.14). The overall model for minimum Tsk was significant
(F52, 266 = 4.7, P < 0.0001), with differences detected among reproductive classes (P =
0.048), but not species-configuration (P = 0.14). The overall model for variance in Tsk
was significant (F52, 266 = 2.93, P < 0.0001), with differences detected among speciesconfiguration (P = 0.044), but not reproductive classes (P = 0.38).
The overall model for average depth of torpor bouts was significant (F27, 51 = 3.3,
P < 0.0001), with differences detected among reproductive classes (P = 0.03), but not
species-configuration (P = 0.16; Table 2). Morning torpor bouts (i.e., beginning between
sunset and 0800 hrs and terminating before 1700 hrs) were documented on 59% (n = 48)
of bat-days with demonstrated torpor use. Evening torpor bouts (i.e., beginning after 1700
hours and ending before midnight) were observed on 30% (n = 24) of bat-days with
demonstrated torpor use. We observed both morning and evening torpor bouts on 17% (n
= 14) of bat-days (Figure 1).

Roost microclimates
We tracked big-eared bats to 64 day-roosts, consisting of 45 bald cypress (20 type
II, 22 type III, and 3 type IV), 13 water tupelo (3 type I, 8 type II, and 2 type III), 2 type I
swamp white oak (Quercus bicolor), 2 shellback hickory (Carya laciniosa) (1 type III
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and 1 type IV), 1 type I sweetgum, and 1 concrete slab bridge. The majority of tree roosts
(84%) were either type II or type III. HOBO dataloggers were deployed inside 34 day
roosts, including 21 bald cypress (10 type II, 11 type III), 9 water tupelo (5 type I, 3 type
II, 1 type III), 3 type I swamp white oak (including swamp white oaks never used by
radio-tagged bats, but with similar habitat characteristics as known roosts), and 1 type I
sweetgum. The sweetgum and type III water tupelo were removed from statistical
analyses due to lack of replication. We collected roost microclimate data from the
remaining 32 roosts on 9128 complete days.
Roosts were reused by bats throughout each of the three summers. We tracked
females of >1 reproductive class to 43% (n = 23) of female roosts (n = 54), and observed
social groups in 57% (n = 31) of female roosts during >1 reproductive period. Pregnant
females were tracked in 2 of the 3 colonies, and used 58% (n = 14) of female roosts in
those areas. Lactating females were tracked in all colonies, using 74% (n = 40) of female
roosts. Pregnant and lactating females only roosted in cypress (all types) and water tupelo
(types II and III) trees. Post-lactating females were tracked in 2 of the 3 colonies, using
42% (n = 18) of female roosts (n = 43). Post-lactating females roosted in cypress (all
types), water tupelo (types I and II), and shellbark hickory (type IV) trees. Nonreproductive females were tracked in 2 of the 3 colonies, using 30% (n = 13) of female
roosts (n = 43). Non-reproductive females were the only reproductive class to roost in
swamp white oak, but also roosted in cypress (type II and III) and water tupelo (all types)
trees. Males were tracked in all colonies, using 14 roosts, including 9% (n = 5) of female
roosts. Males were the only bats to roost in sweetgum trees, but also roosted in shellbark
hickory (type III) cypress (types II and III) and water tupelo (types I and III).
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The overall model for average daytime Tr was significant (F46, 9081 = 570, P <
0.0001), with species-configuration, season, and interaction effects all significant (P <
0.0001; Table 4). The overall model for daytime Tr variance was significant (F46, 9081 =
82.3, P < 0.0001), with species-configuration, season, and interaction effects all
significant (P < 0.0001). The overall model for nighttime Tr was significant (F47, 9080 =
549, P < 0.0001), with species-configuration, season, and interaction effects all
significant (P < 0.0001; Table 5). The overall model for nighttime Tr variance was
significant (F47, 9080 = 41.5, P < 0.0001), with species-configuration, season, and
interaction effects all significant (P < 0.0001).
The overall model for average daytime Tr – Ta was significant (F46, 9081 = 27.6, P <
0.0001), with species-configuration, season, and interaction effects all significant (P <
0.0001; Table 3). The overall model for daytime Tr – Ta variance was significant (F46, 9081
= 74.6, P < 0.0001), with species-configuration, season, and interaction effects all
significant (P < 0.0001). The overall model for average nighttime Tr – Ta was significant
(F47, 9080 = 81.5, P < 0.0001), with species-configuration, season, and interaction effects
all significant (P < 0.0001; Table 4). The overall model for nighttime Tr – Ta variance
was significant (F47, 9080 = 68.9, P < 0.0001), with species-configuration, season, and
interaction effects all significant (P < 0.0001).
We removed shellbark hickory, sweetgum, swamp white oak, and type III water
tupelo from roost habitat comparisons due to lack of replication for these speciesconfigurations (n < 3). Species-configuration of roost trees differed in diameter (F4, 51 =
11.2, P < 0.0001) and height above the canopy (F4, 48 = 4.5, P = 0.004), but not in percent
canopy cover (F4, 51 = 1.8, P = 0.14). Bald cypress roost configurations did not differ
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from one another in diameter or height above the surrounding canopy (type II: 163 ± 28.0
cm dbh, -1.7 ± 5.1 m above canopy; type III: 170 ± 32.0 cm, 0.6 ± 3.2 m, 146 ± 14.5 cm,
5.5 ± 7.8 m), but were all larger in diameter than type I (100 ± 24.2 cm, 0.7 ± 2.3 m) and
type II (105 ± 17.8 cm, -5.2 ± 3.2 m) water tupelo. Type IV bald cypress extended higher
above the canopy than type II water tupelo and type II bald cypress (P < 0.05). Type III
bald cypress and type I water tupelo also extended higher above the canopy than type II
water tupelo.

DISCUSSION
We found all sex and reproductive classes of Rafinesque’s big-eared bat used
torpor to some extent during the summer in bottomland hardwood forests in Kentucky.
Sex and reproductive classes, however, exhibited unique torpor behaviors, as
demonstrated by differences in the number of torpor bouts, amount of time spent torpid,
depth of torpor, and average and minimum Tsk. Alone, each of these measures provides
an incomplete, and potentially misleading, view of thermoregulatory strategies. For
example, reproductive and post-lactating females used fewer torpor bouts (<1 per day)
than non-reproductive females and males (>1 per day), but lactating females exhibited
some of the longest and deepest torpor bouts. Thus, understanding differences in
thermoregulatory strategies among sex and reproductive classes requires interpretation of
a suite of torpor behaviors.
Pregnant females rarely entered torpor and had the least lowest average HI,
reflecting comparatively low variability in Tsk. Pregnant females had a higher average Tsk
than males, post-lactating, and non-reproductive females. Pregnant females also had a
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higher daily minimum Tsk compared to post-lactating and non-reproductive females.
Pregnant females spent the least amount of time torpid, although only significantly less
than non-reproductive females. When pregnant females entered torpor, average bout
depth was shallow. These data support our hypothesis that pregnant females, more than
other reproductive classes, have a thermoregulatory strategy favoring high Tsk, and an
infrequent use of short, shallow torpor bouts. This finding agrees with the prevailing
sentiment that torpor is detrimental to some reproductive processes, particularly gestation
(Speakman 2008), because torpor use during gestation delays parturition, although in
some instances use of torpor may still be necessary (Racey 1973; Racey and Swift 1981).
It is important to note that we only radio-tracked pregnant females from late May through
early June, when ambient temperature in the study area rarely dropped below 20º C
(Figure 2), and conditions inside roosts were sheltered from daily minimum temperatures.
Thus, the cost of maintaining high Tb was relatively low during this time and use of
torpor rarely worth the reproductive costs. Weather conditions in the area earlier in
summer during the pregnancy period were more variable, and torpor use may have been
more frequent during this time (Figure 2).
The costs and benefits of torpor use during lactation are more complicated
(Speakman 2008). Lactation is the most energetically demanding phase of reproduction
(Racey and Speakman 1987; Kurta et al. 1989, 1990; Speakman 2008), and use of torpor
to conserve energy may reduce milk production (Wilde et al. 1999). Research in some
species has shown, however, that torpor may still be the best strategy for lactating
females to meet their increased energetic demands (McLean and Speakman 1999). We
found that lactating female Rafinesque’s big-eared bats exhibited a thermoregulatory
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strategy favoring high Tsk, and an infrequent use of torpor; partially consistent with our
hypothesis. These females exhibited the second-greatest average and minimum Tsk,
although these averages were not different from all reproductive classes. Unlike pregnant
females, torpor was employed in relatively long, deep bouts by lactating females,
although not significantly different from all reproductive classes. Lactating females also
had the greatest average HI, demonstrating their variability in Tsk. Thus, we hypothesize
that torpor is an important energy conservation strategy for lactating females of this
species, consistent with McLean and Speakman (1999).
Chruszcz and Barclay (2002) found pregnant female western long-eared myotis
(Myotis evotis) used deep torpor more frequently than lactating females in Alberta,
Canada. Lausen and Barclay (2003) reported the same trend for big brown bats
(Eptesicus fuscus) in the same region. The difference between these findings and our
research may result from the vastly different climates between study areas. Another study
from Alberta found no difference in torpor behavior of pregnant and lactating western
long-eared myotis, but found that these reproductive females used deep torpor less
frequently, and spent less time torpid, than non-reproductive females (Solick and Barclay
2006). Similarly, we found that non-reproductive females used more bouts per day and
had lower average and minimum Tsk than pregnant or lactating females. However, nonreproductive and lactating females did not differ in average torpor depth or amount of
time spent torpid. While this further emphasizes the importance of deeper torpor bouts to
lactating females, we urge caution in interpreting differences in time spent torpid among
reproductive classes. Average Tsk of non-reproductive females was little more than 1 SD
above Tonset, and it is possible that non-reproductive females spent significantly more time
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in shallow torpor than we have the ability to assess with our use of a mathematical Tonset
threshold. While we elected to use the equation based upon model parameters minus 1 SE
presented by Willis (2007), this conservative approach has a larger impact on calculations
of torpor behaviors of sex and reproductive classes which spend more time near the Tonset
threshold, such as non-reproductive females. This may introduce error leading to a
misunderstanding of differential energy savings which sex and reproductive classes
receive from torpor, because shallow torpor bouts can provide substantial energy savings
(Studier 1981; Webb et al. 1993).
Lausen and Barclay (2003) found that post-lactating female big brown bats spent
more time in torpor than pregnant or lactating females, but spent less time in deep torpor
than pregnant females and more time than lactating females. Again, these results from a
colder climate do not compare favorably with our study. Post-lactating female
Rafinesque’s big-eared bats exhibited the shallowest average torpor depth, and the
second-lowest average time spent torpid, although these results did not differ
significantly from all reproductive classes. Post-lactating females also exhibited a lower
average Tsk than pregnant females and a lower minimum Tsk than pregnant and lactating
females. Finally, post-lactating females had the highest average percent of bat-days with
torpor use. While these data show post-lactating female Rafinesque’s big-eared bats do
not enter deep, prolonged torpor bouts, we urge caution in interpretation of time spent
torpid. As with non-reproductive females, the low average Tsk of post-lactating females
may reflect higher use of shallow torpor than estimated with the Tonset threshold.
Differences between post-lactating and non-reproductive females should be viewed in the
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context that 5 of the 6 non-reproductive females were radio-tracked in late-August, and
some may have successfully reproduced earlier in the year.
Studies of summer torpor behavior in male bats have found frequent use of torpor
(Rambaldini and Brigham 2008), but few studies have simultaneously examined use of
torpor between male to female bats (Hamilton and Barclay 1994; Turbill and Geiser
2006). Hamilton and Barclay (1994) found free-ranging male big brown bats to enter
torpor more often and use deeper torpor than reproductive females. In contrast, Turbill
and Geiser (2006) concluded that sex and reproductive condition had no bearing on
thermoregulatory behavior of captive Nyctophilus geoffroyi and N. gouldi, postulating
differences among free-ranging bats results from ecological differences (i.e., social
roosting). We found male Rafinesque’s big-eared bats to frequently enter torpor, but
exhibit a large variability in torpor depth and duration. Average time spent torpid and
average bout depth were intermediate of, and did not differ statistically from, female
reproductive classes. Similar to non-reproductive females, males frequently entered >1
torpor bout per day. We postulate that for males frequent use of shallow torpor during the
summer indicates that maximizing energy savings from torpor exceeds any ecological
costs. These costs include vulnerability to predation by snakes, such as black rat snakes
(Elaphe obsoleta), which we observed inside and outside roost trees on multiple
occasions.
We found that many roosts were continuously used by Rafinesque’s big-eared
bats from May through September, contrary to our hypothesis that different reproductive
classes would use roosts with unique thermal properties, as found in studies from Alberta,
Canada (Chruszcz and Barclay 2002; Lausen and Barclay 2003; Solick and Barclay
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2006). We suspect that this difference is a result of the warmer climate in our study area,
which was reflected in warmer roost microclimates. During the summer months, all roost
configurations were typically warmer than ambient temperatures at night and cooler than
ambient temperatures during the day (Figure 3, Tables 3 and 4). Thus, all roost
configurations provided warm nighttime temperatures that insulated non-volant young, as
well as protected young bats from extremes in heat during the day. This trend was most
pronounced in type I water tupelos, which had the most stable microclimates (lowest
variance in Tr, greatest average Tr – Ta, greatest variance in Tr – Ta). This may explain our
finding that torpor bouts used by bats were longer while roosting in type I water tupelos
than all roost species-configurations except type III water tupelos. Temperature cycles in
all roost species-configurations, however, were conducive to torpor use followed by
passive re-warming to normothermic temperatures (Figure 1, 3).
We suggest that differences in thermal microclimates among roost tree speciesconfigurations were affected, in part, by the specific decay process of each tree species.
While not directly measured in our study, the amount of heartwood between the inner
wall of the roost cavity and the outside environment probably has an impact on the
insulative properties of a hollow roost tree. Not surprisingly, we found that the tree
species most likely to possess the thinnest insulating layer (bald cypress) also had the
microclimate most responsive to changes in ambient conditions.
Limited data exist on winter use of hollow trees by Rafinesque’s big-eared bat in
bottomland hardwood forests. Rice (2009) is the sole study to successfully conduct
winter radio-telemetry on Rafinesque’s big-eared bats in these habitats. Rice (2009)
found bats roosted in type 3 trees during winter months, and that these roosts had more
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stable thermal microclimates in winter than other roost types. We found that while all
roost types provided warmer daytime and nighttime temperatures than ambient conditions
during periods of extreme cold, tree species-configurations varied in their insulative
properties in winter (Figure 4, Tables 3 and 4). Type I water tupelo provided the warmest
temperatures during periods of extreme cold, driving differences in average Tr; however,
these roosts were often inaccessible during the late winter and early spring, when water
levels flooded basal entrances. Type II and III water tupelos were also good insulators,
and we predict that these are the only species-configurations suitable for winter roosting
in our study area on cold days. Although type III bald cypress are more insulative in
winter (less variance in Tr, greater Tr – Ta, greater variance in Tr – Ta), than type II bald
cypress, temperatures in all cypress roosts fell several degrees below freezing on cold
days (Figure 4).
Our data demonstrate that all sex and reproductive classes of Rafinesque’s bigeared bat use summer torpor in bottomland hardwood forests in Kentucky. Although we
documented torpor on only 25% of bat-days in our study, data clearly illustrated that use
of torpor as a summer thermoregulatory strategy differed among sex and reproductive
classes, illustrating how bats balance the physiological and ecological costs and benefits
of torpor. Our data also showed that different tree species-configurations provide unique
thermal environments for day-roosting bats. Stable temperatures inside water tupelo trees
provided ideal conditions for long torpor bouts, but type I water tupelo were unavailable
to these bats during pregnancy and gestation due to sustained flood water levels within
the study area. These data highlight the importance of understanding roost microclimates,
and differences in thermoregulatory strategies among sex and reproductive classes of
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bats, in developing appropriate conservation and management strategies for cavityroosting bats in bottomland hardwood forests.
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Table 6.1―Heterothermy Index values and the percentage of days that bats used torpor,
summarized for reproductive classes of Rafinesque’s big-eared bat collected by radiotelemetry in Ballard Country, Kentucky, USA (data means ± 1 SD).
Reproductive class

n

Days torpor was used (%)

HI

Males

4

0.25 ± 0.28

1.61 ± 0.35

Pregnant females

11

0.08 ± 0.13

1.34 ± 0.57

Lactating females

11

0.20 ± 0.29

2.12 ± 1.59

Post-lactating females

8

0.37 ± 0.40

1.61 ± 0.79

Non-reproductive females

6

0.35 ± 0.26

1.70 ± 0.47
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Table 6.2―Summary statistics for torpor behaviors among sex and reproductive classes, and among tree species-configurations, for
adult Rafinesque’s big-eared bats collected by radio-telemetry in Ballard Country, Kentucky, USA (data are means ± 1 SD).
Pregnant A

Lactating A

Post-lactating A

Non-reproductive B

Male B

0.15 ± 1.88

0.35 ± 0.82

0.53 ± 0.98

1.09 ± 1.65

1.12 ± 1.85

Type II tupelo

Type III cypress

Type II cypress

Type III tupelo

Type I tupelo

0.14 ± 0.52

0.41 ± 0.97

0.45 ± 1.09

0.68 ± 1.29

1.39 ± 1.71

Total time torpid

Pregnant A

Post-lactating A

Lactating A, B

Male A, B

Non-reproductive B

(min)

111 ± 101

151 ± 177

333 ± 345

377 ± 354

381 ± 388

Type II tupelo A

Type II cypress A

Type III cypress A

Type III tupelo A, B

Type I tupelo B

9.82 ± 49.1

50.0 ± 163

55.3 ± 181

124 ± 335

177 ± 278

Non-reproductive A

Male A, B

Post-lactating A, B

Lactating B, C

Pregnant C

34.2 ± 1.51

34.5 ± 1.72

34.7 ± 1.47

35.2 ± 2.01

36.1 ± 1.54

Type I tupelo

Type II cypress

Type III cypress

Type III tupelo

Type II tupelo

33.8 ± 1.48

35.0 ± 1.4

35.3 ± 1.8

35.8 ± 3.06

36.1 ± 1.12

Non-reproductive

Pregnant

Male

Post-lactating

Lactating

0.99 ± .092

1.06 ± 1.36

1.23 ± 2.69

1.38 ± 2.56

2.00 ± 3.20

Bouts per day (n)

160

Average Tsk (º C)

Variance Tsk* (º C)

Table 6.2―continued
Type II tupelo

Type II cypress

Type III cypress

Type III tupelo

Type I tupelo

0.74 ± 0.74

1.27 ± 2.15

1.44 ± 2.64

1.59 ± 1.23

1.61 ± 2.65

Non-reproductive A

Male A, B

Post-lactating A

Lactating B

Pregnant B

31.3 ± 3.22

32.3 ± 2.89

32.5 ± 2.04

32.9 ± 3.07

33.9 ± 1.88

Type I tupelo

Type II cypress

Type III cypress

Type III tupelo

Type II tupelo

30.7 ± 3.53

32.6 ± 2.05

33.1 ± 2.73

33.5 ± 3.33

34.1 ± 1.51

Average Bout Depth Post-lactating A

Pregnant A, B

Male A, B

Non-reproductive A,B Lactating B

(º C below Tonset) -0.76 ± 0.82

-0.88 ± 0.62

-0.93 ± 1.55

-1.13 ± 1.04

Minimum Tsk (º C)

161

-1.72 ± 1.44

Within rows, groups not sharing common letters differed significantly (P < 0.05)
* The overall model found that variance in Tsk differed among species-types, but Fisher’s LSD test found no difference in means.

Table 6.3―Daytime thermal characteristics of day-roosts used by Rafinesque’s big-eared bat in Ballard County, Kentucky (data are
means ± 1 SD).
Average Tr

Variance Tr
162
Average Tr – Ta

Variance Tr – Ta *

Type II tupelo A

Type I oak A

Type III cypress A, B Type II cypress B

Type I tupelo C

15.6 ± 9.13

15.7 ± 9.71

16.1 ± 10.0

16.4 ± 10.3

18.3 ± 9.07

Winter A

Gestation B

Post-lactation C

Lactation D

6.89 ± 6.02

20.2 ± 4.16

24.2 ± 4.70

26.1 ± 2.17

Type I oak A

Type I tupelo A

Type II tupelo A, B

Type III cypress B

Type II cypress C

0.68 ± 1.12

1.17 ± 2.24

1.87 ±3.12

3.27 ± 4.24

5.80 ± 6.42

Gestation A

Lactation A, B

Winter A, B

Post-lactation B

1.80 ± 3.06

2.24 ± 2.84

3.37 ± 5.56

4.12 ± 4.94

Type III cypress A

Type II tupelo A, B

Type I oak A, B, C

Type II cypress B, C

Type I tupelo C

-1.55 ± 1.99

-1.28 ± 2.90

-0.98 ± 2.65

-0.64 ± 1.53

-0.30 ± 2.97

Winter A

Lactation A, B

Post-lactation A, B

Gestation B

-0.70 ± 2.66

-0.96 ± 1.57

-1.09 ± 1.59

-1.64 ± 2.76

Type II cypress A

Type III cypress B

Type II tupelo B, C

Type I oak C

Type I tupelo D

2.45 ± 2.61

5.23 ± 5.00

6.52 ± 7.88

9.43 ± 7.88

9.62 ± 8.95

Table 6.3―continued
Winter

Lactation

Post-lactation

Gestation

4.97 ± 7.45

5.15 ± 4.11

6.22 ± 6.08

6.70 ± 5.83

Within rows, groups not sharing common letters differed significantly (P < 0.05)
* The overall model found that variance in Tr – Ta differed among seasons, but Fisher’s LSD found no difference among means.
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Table 6.4―Nighttime thermal characteristics of day-roosts used by Rafinesque’s big-eared bat in Ballard County, Kentucky (data are
means ± 1 SD).
Average Tr

Variance Tr
164
Average Tr – Ta

Variance Tr – Ta

Type II cypress A

Type II tupelo A, B

Type III cypress B

Type I oak B

Type I tupelo C

15.0 ± 9.85

15.2 ± 8.81

15.9 ± 9.79

16.1 ± 9.70

18.7 ± 9.10

Winter A

Gestation B

Post-lactation C

Lactation D

6.68 ± 5.89

20.1 ± 4.17

23.4 ± 4.91

25.7 ± 2.12

Type I oak A

Type I tupelo A

Type II tupelo A

Type III cypress B

Type II cypress B

0.99 ± 1.98

1.13 ± 1.80

1.91 ± 3.93

3.05 ± 4.48

4.29 ± 5.93

Lactation A

Gestation A

Post-lactation A

Winter B

1.19 ± 1.79

1.75 ± 3.34

2.21 ± 2.52

3.93 ± 6.18

Type II cypress A

Type III cypress A

Type II tupelo A

Type I oak B

Type I tupelo B

1.37 ± 1.20

1.63 ± 1.83

1.66 ± 2.59

3.03 ± 2.49

3.35 ± 3.03

Winter A

Gestation A, B

Lactation A, B

Post-lactation B

1.47 ± 2.42

2.09 ± 2.72

2.14 ± 1.65

2.53 ± 1.66

Type II cypress A

Type III cypress B

Type II tupelo B, C

Type I tupelo C

Type I oak C

0.76 ± 1.57

1.52 ± 3.15

3.57 ± 7.02

4.89 ± 7.22

4.94 ± 5.83

Table 6.4―continued
Lactation B

Post-lactation B

Gestation A

Winter A

1.06 ± 1.95

1.15 ± 2.13

3.01 ± 4.46

3.54 ± 6.43

Within rows, groups not sharing common letters differed significantly (P < 0.05)
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Figure 6.1―Skin temperature profile of a lactating female Rafinesque’s big-eared bat
(blue dots) and temperatures recorded inside a cavity tree day-roost (black dots) in
Ballard County, Kentucky, USA. The black dashed line represents a calculated torpor
onset threshold of 32° C. Gray shaded areas represent hours between sunset and sunrise.
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Figure 6.2―Ambient temperature profile recorded for Ballard Wildlife Management
Area, Ballard County, Kentucky, USA, during pregnancy, lactation, and post-lactation
periods of 2010.
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Figure 6.3― Summer temperature profiles inside day-roosts of Rafinesque’s big-eared
bat alongside ambient temperature; recorded in Ballard County, Kentucky, USA.
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Figure 6.4―Winter temperature profiles inside day-roosts of Rafinesque’s big-eared bat
alongside ambient temperature; recorded in Ballard County, Kentucky, USA.
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CHAPTER SEVEN
WINTER BEHAVIOR OF RAFINESQUE’S BIG-EARED BAT (Corynorhinus
rafinesquii) SUGGESTS REDUCED VULNERABILITY TO WHITE-NOSE
SYNDROME

Abstract―The prevailing explanation for the cause of mortality in bats from white-nose
syndrome (WNS) is colonization of the fungus Geomyces destructans during hibernation,
resulting in erosion of skin tissue, increased frequency and duration of periodic arousals
from hibernation, and subsequent starvation and dehydration. Bats in the genus
Corynorhinus (big-eared bats) have yet to exhibit signs of WNS, despite inhabiting caves
with WNS-infected bat species. Plausible mechanisms for possible reduced vulnerability
to fungal colonization of big-eared bats remain unclear. We fitted 24 Rafinesque’s bigeared bats (Corynorhinus rafinesquii) with temperature-sensitive radio-transmitters, and
monitored 128 PIT-tagged big-eared bats, during the winter months of 2010 to 2012. We
tested the hypothesis that torpor behavior (depth, duration, arousal frequency, and
seasonal variation) of Rafinesque’s big-eared bats leads to more time in an active
(normothermic) state, and more frequent roost switching, during winter than other cavehibernating bat species in eastern North America. Radio-tagged bats used short (2.4 d ±
0.3 (SE)), shallow (13.9º C ± 0.6) torpor bouts and switched roosts every 4.1 d ± 0.6.
Probability of arousal from torpor increased linearly with ambient temperature at sunset
(P < 0.0001), and 83% (n = 86) of arousals occurred within 1 hr of sunset. Activity of
PIT-tagged bats at an artificial maternity/hibernaculum roost between November and
March was positively correlated with ambient temperature at sunset (P < 0.0001), with
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males more active at the roost than females. These data show Rafinesque’s big-eared bat
is a shallow hibernator and is more active in winter than other North American bat
species hibernating in caves. We propose that winter activity patterns provide
Corynorhinus species with an ecological and physiological defense against Geomyces
destructans, and that these bats may be better suited to withstand fungal infection than
other cave-hibernating bat species in North America.

INTRODUCTION
An estimated 5.5–6.7 million bats have died from white-nose syndrome (WNS) in
North America as of January 2012 (USFWS 2012). The causal agent of WNS is a
psychrophilic fungus Geomyces destructans, which is believed to be native to Europe and
may only be recently introduced into North America (Wibbelt et al. 2010; Lorch et al.
2011; Puechmaille et al. 2011; Warnecke et al. 2012). WNS was first observed in North
America in New York during the winter of 2006–2007, and is currently found in 19 US
states and four Canadian Provinces (Reeder et al. 2012). Many bats presumed to have
died from WNS have little to no fat reserves remaining, leading to the hypothesis that
fungal infection causes more frequent and/or longer duration arousals during hibernation
(Blehert et al. 2009; Boyles and Willis 2010; Warnecke et al. 2012; Reeder et al. 2012).
Ultimate and proximate causes of mortality in infected bats are likely to be more
synergistic, however. For example, erosion of the skin from fungal invasion negatively
affects water balance, resulting in dehydration, increased frequency of periodic arousals,
and additional complications to thermoregulation (Cryan et al. 2010; Willis et al. 2011).
Mortality attributable to WNS has been documented in six species belonging to three
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genera (Eptesicus, Myotis, and Perimyotis), including the federally endangered Indiana
myotis (Myotis sodalis). DNA of Geomyces destructans has been confirmed on two
additional Myotis species without individuals exhibiting histopathological symptoms of
infection (Turner et al. 2011). Another federally endangered species, the gray myotis
(Myotis grisescens), has been documented exhibiting histopathological symptoms, but
mortality has not yet been observed. Winter mortality of little brown myotis (Myotis
lucifugus) is predicted to result in regional extinctions if it proceeds at current rates (Frick
et al. 2010), and other species in eastern North America are similarly threatened.
Neither the histopathological symptoms of WNS or the presence of Geomyces
destructans have been observed in bats in the genus Corynorhinus (big-eared bats).
Although expansion of the fungus into the range of Corynorhinus species is currently
limited, WNS has been documented in five caves used by the endangered Virginia bigeared bat (Corynorhinus townsendii virginianus), including the largest known
hibernaculum of the species, without visibly affecting any big-eared bat (Stihler 2011).
Currently, experimental data showing Corynorhinus species to be less vulnerable to WNS
are lacking, and it is unknown whether one or more aspects of the ecology or physiology
of these bats could provide a defense against fungal infection.
Rafinesque’s big-eared bat (Corynorhinus rafinesquii) is a small (8–14 g) forestdwelling bat found throughout the southeastern United States (Jones 1977; Bayless et al.
2011). Rafinesque’s big-eared bat hibernates in caves and mines in mountainous and
karst portions of the species range, but these hibernacula are largely absent in southern
portion of the range, where big-eared bats have been documented hibernating in trees,
wells, and cisterns (Rice 2009; Bayless et al. 2011; Sasse et al. 2011). While there are no

172

data on the duration of winter torpor bouts in Rafinesque’s big-eared bat, observations of
winter mating and bats frequently moving among hibernacula suggest this species may
undergo torpor bouts of shorter duration than other cave-hibernating bat species in
eastern North America (Hoffmeister and Goodpaster 1963; Jones 1977; Clark 1990).
More frequent arousals from hibernation may be adaptive for resisting fungal
colonization by providing a more active immune system (Bouma et al. 2010, 2011),
increased opportunities to groom the fungus from the body surface, and increased
opportunity for winter foraging. Herein we evaluate the possibility that Corynorhinus
species are more active during winter hibernation, and exhibit torpor bouts of shorter
duration than other cave-hibernating bat species in eastern North America.

MATERIALS AND METHODS
Study Area
Field work occurred at Mammoth Cave National Park (MCNP; 37.2072° N,
86.1319° W) in Barren, Edmonson, and Hart counties, Kentucky, USA. The area is
predominantly forested and is dissected by numerous small drainages, creating a
topographically diverse landscape. Forest cover consists of oak-hickory (Quercus −
Carya spp.) and western mixed mesophytic forests (Braun 1950). During summer,
Rafinesque’s big-eared bat roosts in hollow trees, sandstone outcrops, caves and
abandoned man-made structures (J Johnson, unpublished data). Hundreds of caves occur
within the Park, including six known hibernacula of Rafinesque’s big-eared bat. The Park
has one of the largest known winter concentrations of Rafinesque’s big-eared bats, and
>1000 big-eared bats hibernate within the Park [15].
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Radio-telemetry data collection and analysis
All methods were approved by the University of Kentucky Institutional Animal
Care and Use Committee (IACUC No. A3336-01) and NPS (IACUC No. 2011-30). We
captured Rafinesque’s big-eared bats hibernating in caves and buildings during three
consecutive winters, and radio-tagged bats during March 2010, January 2011, and
November 2011–January 2012. We combined data across winters and divided the dataset
into bats radio-tracked during early- (mid-November–early December), mid- (midDecember–mid February), and late-winter (mid-March–early April) to account for
variability in torpor bout duration associated with progression of the hibernation season
(Wang 1978; Young 1990; Kisser and Goodwin 2012). No radio-tagged bat was tracked
during >1 winter period.
We recorded age, sex, reproductive condition, right forearm length, and body
mass of captured bats. We determined the body condition of all but 4 bats (forearm
lengths were not measured for 4 individuals) by dividing body mass by forearm length
(Speakman and Racey 1986). We compared body condition between sexes and among
winter periods using a two-way analysis of variance (ANOVA) with a 0.05 significance
level for difference, and compared least squares means using Tukey’s adjustment when
significant. A subset of bats were fitted with 0.52 g temperature-sensitive radiotransmitters (model LB-2T, Holohil Systems, Ltd., Carp, Ontario) immediately below the
shoulder blades using surgical adhesive (Perma-Type, Plainville, CT). We placed radiotransmitters below the shoulder blades to avoid concentrations of brown adipose tissue
which may lead to errors in estimation of body temperatures (Tb) during periods of non-
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shivering thermogenesis (Willis and Brigham 2003). Bats were placed back in their
roosts after the adhesive was allowed to dry (ca. 15 min), by which time they had aroused
from torpor. We deployed HOBO dataloggers (models U23-001 or UA-002-08, Onset
Computer Corporation, Bourne, MA) inside and outside roosts after releasing radiotagged bats. Dataloggers recorded air temperatures inside roosts (Tr) and outside roosts
(hereafter ambient temperature, Ta) at 15-min intervals. Dataloggers recording ambient
temperatures were placed inside solar radiation shields.
Each radio-transmitter was individually calibrated, providing a unique polynomial
equation for use in converting transmitter pulse rate into skin-temperature (Tsk). Tsk of
each radio-tagged bat were recorded by three datalogging receivers (model R4500S,
Advanced Telemetry Systems, Inc., Isanti, MN) placed in watertight boxes with an
external power source. Receivers were programmed to scan for radio-tagged bats at 5min intervals and placed outside caves and abandoned buildings. Receivers were checked
weekly or bi-weekly for maintenance and moved to new locations when necessary. We
attempted to locate bats in nearby caves and buildings if their radio-signals were not
heard outside monitored hibernacula. Chronological accounts of the roost location of
each bat were determined based upon which receiver recorded daytime signals. Only two
roosts (buildings) were located close enough to each other that bats in either roost could
be recorded by a single receiver. Recorded signal strength differed notably between these
roosting locations, however, allowing for a clear determination of roosting location. Bats
which could not be located for several days (always ≤10 d) were considered to be in the
same roost for the entire period. We compared roost-switching frequencies (i.e., number
of days a bat inhabited a roost before switching to a new roost) between sexes and among
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winter periods using a two-way ANOVA with a 0.05 significance level for difference,
and compared least squares means using Tukey’s adjustment when significant.
We applied Willis’ (2007) equation for an energy-based temperature threshold for
torpor onset (Tonset), using the conservative equation based upon model parameters minus
1 SE. This equation requires a simultaneous measure of Tr, and we were only able to
calculate Tonset when bats occupied roosts with HOBO dataloggers. Calculated values for
Tonset varied marginally (between 31.5−32.3º C), however, and we applied a Tonset value of
32º C to all bats. Thus, we considered bats to be torpid when Tsk was <32º C, and
considered torpor bouts over when Tsk >32º C or if bats were not recorded for several
scanning intervals following rapid rise in Tsk ; presumably leaving the roost before
normothermic Tsk was recorded. Bats were considered torpid for the entire time they were
not recorded by any datalogging receiver (always ≤10 d). While this likely overestimates
the torpor bout duration while un-located, it provides a conservative comparison of bigeared bats to other species. We determined the duration (days), min Tsk, and average Tsk
of each torpor bout, and averaged each measure within bats for statistical analysis. We
also determined the average duration (hrs) of normothermic periods when entry and
arousal from torpor were successfully recorded for two consecutive torpor bouts. Each
variable was compared between sexes and among winter periods using a two-way
ANOVA with a 0.05 significance level for difference, and compared least squares means
using Tukey’s adjustment when significant.
We determined the time difference (hrs) between arousal and sunset on days
where we recorded torpid Tsk data prior to arousal. We used generalized estimating
equations (PROC GENMOD, SAS) to assess the role of ambient temperature on the
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probability of arousal from torpor (Zeger and Liang 1986). Generalized estimating
equations allow for analysis of clustered (i.e., many days of observation from an
individual bat which are not independent samples) or binary (i.e., torpid or active) data
which cannot be fitted using typical linear models.
We calculated the Heterothermy Index (HI) for each bat to quantify variability in
Tsk of each bat (Boyles et al. 2011). One difficulty with the HI is the selection of an
optimal body temperature (Tb-opt) for comparisons with recorded Tb, or in our case, Tsk.
Boyles et al. (2011) define Tb-opt as the optimal Tb in a “cost-free” environment, implying
that torpid Tb’s are not optimal. Boyles et al. (2011) recommend using the modal Tb for
Tb-opt when data are unimodal, or using the mode representing the greatest Tb when data
are multimodal, essentially advocating use of the most commonly observed active
temperature (Tact). We infrequently recorded Tact because normothermic bouts were either
short or were not documented because bats left the monitored hibernacula after arousal.
In light of these limitations, and the clear intent for the HI to compare high and low Tb’s,
we used the maximum recorded Tsk of each bat, which was always ≤38º C, as a surrogate
for Tb-opt.

PIT-tagging
We used a harp-trap (Faunatech, Bairnsdale, Victoria, Australia) to capture
Rafinesque’s big-eared bats exiting a man-made roost during April and August 2011. We
measured each bat as described above, and subcutaneously implanted a 12.5 mm PIT tag
(model TX1411SST, Biomark, Inc., Boise, ID) as part of a long-term study overseen by
MCNP’s Science and Resources Management Division. Roost entrances were surrounded
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by custom-made antennas designed to read and record PIT tags of marked bats entering
or exiting the roost. We summarized PIT tag readings into the number and identity of
tagged bats passing through the sensor field each day between 03 May 2011 and 01
March 2012. We considered a day to be the 24 hr period between 1200 and 1200 the
following day. We based this on the observation that bat activity was not limited to the
hours between sunrise and sunset, and that the period of 1200–1200 contains all
nighttime activity as well as early emergences from, and late arrivals to the roost. We
report the percentage of adult males, adult females, male young-of-the-year, and female
young-of-the-year recorded each day.
We performed a linear regression (PROC REG, SAS) to evaluate the role of
ambient temperatures on winter activity. We used number of marked bats recorded each
day during winter as the response variable, Ta at sunset as the independent variable, and a
significance level of 0.05. Winter was defined as 01 November–01 March. We did not
include data from March 2012 in this analysis due to unusually high temperatures and
high activity of bats at the roost (see Results). A separate analysis was conducted for
adult males, adult females, male young-of-the-year, and female young-of-the-year.

RESULTS
Radio-telemetry
We captured and measured 33 bats during periodic roost searches. Body condition
differed among bats (F3, 29 = 60.9, P < 0.0001), with differences detected among bats
captured during different winter periods (F = 90.9, P < 0.0001), but not between sexes (F
= 0.39, P = 0.54). Mean body condition was greatest during early-winter (0.28 ± 0.01)
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compared to mid- (0.21 ± .001, P <0.0001) and late-winter (0.19 ± 0.001, P <0.0001),
and mean body condition was greater during mid-winter than late-winter (P = 0.006).
Body conditions of males and females both averaged 0.23 ± 0.01. Body mass of females
averaged 10.0 ± 0.46, and averaged 10.0 ± 0.52 for males. Range in body mass declined
from 11.4–14.0 g (body conditions: 0.27–0.32) in mid-November to 7.1–8.3 g (body
conditions: 0.16–0.20) in early March. Recaptures of 1 radio-tagged female provide
indirect evidence of winter foraging, as the female gained 0.1 g over an 8 d period in late
January–early February, when daily high Ta averaged 12.9° C.
We radio-tagged 14 female and 10 male Rafinesque’s big-eared bats between
2010 and 2012. All bats re-entered torpor following radio-tagging but aroused from
torpor within 1 hr of sunset. These initial bouts were not included in analyses or
summaries. Four females were never located following emergence from hibernacula on
the first night and are not included in further analyses or summaries. Bats switched roosts
every 4.1 d ± 0.6, with no difference detected between sexes or among winter periods (F3,
16

= 0.88, P = 0.47). Bats traveled 2535 ± 437 m (range = 549–5964) between

consecutive roosts. Bats aroused from torpor every 2.4 d ± 0.3 (Figure 7.1a and 7.2a),
with no difference detected between sexes or among winter periods (F3, 16 = 0.94, P =
0.44). Duration of normothermic periods between torpor bouts differed among bats (F3, 12
= 5.72, P = 0.011), with differences detected among winter periods (F = 8.27, P = 0.006,
Figure 7.2b), but not between sexes (F = 0.01, P = 0.91, Figure 7.1b). Duration of
normothermy was shorter during mid-winter than early (P = 0.039) and late winter (P =
0.008). Only one torpor bout was successfully monitored for four bats radio-tagged
during January 2011, and duration of normothermic periods were not determined for
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these bats. Bats used deep (Tsk <20º C) torpor on all days they were located, but Tsk
infrequently fell below 10º C. Average torpid Tsk was 13.9º C ± 0.6 (Figure 7.1c, 7.2c),
with no difference detected between sexes or among winter periods (F3, 16 = 1.74, P =
0.20). Minimum torpid Tsk averaged 12.1º C ± 0.8 (Figure 7.1d, 2D), with no difference
detected between sexes or among winter periods (F3, 16 = 1.87, P = 0.18). Heterothermy
index values ranged from 17.7–26.8 (mean = 21.3 ± 0.5).
Ambient temperature at sunset significantly increased the probability of arousal (β
= 0.13 ± 0.03, P < 0.0001), and the timing of arousals was centered on sunset, with 50%
(n = 51) occurring in the 30 min following sunset, and 83% (n = 86) occurring within ±1
hr of sunset (Figure 7.3). The majority of arousals were documented while bats were
hibernating in caves (n = 84, 82%), where Tr’s only ranged 5–11º C throughout the
winter. Many bats hibernating in caves exhibited periods of rapid thermogenesis
occurring within 1 hr of sunset that were not considered arousals, because Tsk failed to
reach 20º C before declining (Figure 7.4). Temperatures inside buildings, where 18% (n =
19) of arousals were documented, ranged from -8 to 21º C.

PIT-tagging
We PIT tagged 128 Rafinesque’s big-eared bats (38 adult males, 71 adult females,
10 juvenile males, and 9 juvenile females). PIT-tags from 13 bats (11 adult females and 2
adult males) were found at the base of the roost before the end of the study, either as a
result of mortality or being shed, and these bats were removed from our analysis. Daily
activity of adult females declined in early October, and ≤20% of all adult females were
recorded on all days between 04 December and 01 February (Figure 7.5a). Fewer than
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10% of PIT-tagged adult females were detected on 89% of days between 01 December
and 01 February (n = 55), and no adult female was detected on 40% of days (n = 25).
Daily activity of adult females began to resemble fall activity patterns by early March.
Number of adult females detected per day during winter increased linearly with Ta at
sunset (r2 = 0.23, F1,119 = 35.1, P <0.0001). Activity of female young-of-the year was
similar to that of adult females (Figure 7.5a and 7. 6a), and also increased linearly with Ta
at sunset (r2 = 0.27, F1,119 = 44.7, P <0.0001).
Daily activity of adult males declined steadily throughout the summer, but
remained relatively high during the winter compared to females (Figure 7.5b). More than
20% of PIT-tagged males were detected on 13% of days between 01 December and 01
February (n = 8), while fewer than 10% of males were detected on 71% days (n = 44),
and no male was detected on 32% of days (n = 20). Number of adult males detected per
day during winter increased linearly with Ta at sunset (r2 = 0.26, F1,119 = 41.8, P
<0.0001). Activity of male young-of-the year was similar to that of adult males (Figure
7.5a and 7. 6b) and also increased linearly with Ta at sunset (r2 = 0.19, F1,119 = 28.1, P
<0.0001).

DISCUSSION
We found Rafinesque’s big-eared bats hibernating in caves to use short, shallow
torpor bouts, and that bats were frequently active throughout the winter. Torpor patterns
did not differ between male and female big-eared bats, but consistently varied with the
progression of winter. Normothermic periods were significantly shorter during midwinter, and while torpor bout duration and Tsk did not differ significantly among winter
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periods, we recorded the longest torpor bouts and lowest Tsk’s during mid-winter. These
findings are consistent with other mammalian hibernators, where torpor bouts are longest,
and normothermic periods shortest, during the middle of the hibernation season (Wang
1978; Young 1990; Kisser and Goodwin 2012). Probability of arousals increased with
increasing Ta at sunset, and it is likely that the numerous warm days occurring during the
mid-winter of 2011–2012, when 50% of days (n = 29) had daily high temperatures
exceeding 10º C, were partly responsible for the large variance in torpor duration among
bats. Thus, while the longest torpor bouts occurred during mid-winter, short torpor bouts
were also common during this period, resulting in substantial variation and lack of
differences among winter periods.
The finding that Ta at sunset influenced probability of arousal is not surprising
given that the majority of arousals occurred within an hour of sunset. Bats hibernating in
caves, however, likely have a limited ability to sense ambient conditions. We postulate
that periodic arousal from torpor is under circadian control in big-eared bats. Our finding
that several bats exhibited periods of thermogenesis associated with sunset, where Tsk
dropped before reaching 20º C, supports this possibility. We suggest that big-eared bats
frequently experience a physiological state between normothermy and deep torpor,
during which they are able to assess ambient conditions.
Similar patterns in torpor use and body conditions between males and females
throughout the winter do not support predictions of the thrifty female hypothesis
(Jonasson and Willis 2011). The thrifty female hypothesis predicts that females are more
conservative with fat reserves during winter because it is critically important to carry
some of these reserves into spring, when gestation begins. To accomplish this, females
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use longer torpor bouts at lower temperatures than males. Males are not as energetically
constrained in spring, and, therefore, opt to avoid some of the ecological and
physiological costs of torpor through use of shallower torpor. While this avoids some
costs of torpor, it results in males using their fat reserves more quickly throughout the
winter. We found no evidence of this pattern in Rafinesque’s big-eared bats. Further, we
found no evidence that heavier bats, or bats with a higher body condition index, exhibited
higher minimum or average Tsk’s, contrary to studies of little brown myotis (Boyles et al.
2007).
Although we present the first published data on winter torpor patterns of
Rafinesque’s big-eared bat, frequent movements during winter by this species have been
reported for decades (Jones 1977). Rafinesque’s big-eared bat copulates during winter,
and periodic arousals from hibernation, as well as switching among hibernacula, may
play important roles in the breeding biology of this species (Hoffmeister and Goodpaster
1963; Clark 1990). We did not document winter copulation, but a large amount of stored
sperm at the base of the tail was immediately evident in all captured males, indicating
that mating likely occurs throughout the hibernation season. We also found evidence that
suggests big-eared bats encounter more potential mates during the winter than they
encounter during other times of the year. This is because both males and females
switched hibernacula frequently, and traveled up to 5964 m between consecutive roosts
during winter months, compared to a maximum distance of 3395 m observed during three
years of summer research at Mammoth Cave (J. Johnson, unpublished data). Long
distance movements between hibernacula was not uncommon, as we tracked 8 bats (40%;
n = 4 males, 4 females) >2 km between consecutive hibernacula. By comparison, only 3
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of 64 (5%) bats radio-tracked during the summer traveled >2 km between consecutive
roosts (J. Johnson, unpublished data). We tracked 3 female and 2 male bats >4 km
between hibernacula, longer than distances reported for this species during summer
research in other parts of the range (Rice 2009; Trousdale et al. 2008).
Frequent movement among distant hibernacula likely serves to maximize gene
flow among populations rarely interacting during the summer. Similar movements among
hibernacula, accompanied by mating, may also occur during the fall, but there are no
published data of these behaviors in Rafinesque’s big-eared bat. Our finding that both
sexes make these movements does not support the hypothesis of Clark (1990) that
Rafinesque’s big-eared bats have a resource-defense polygynous mating system.
Furthermore, activity of PIT-tagged adult males was relatively high at an artificial roost
from November–February, with activity of up to 47% (n = 17) of the PIT-tagged
population on the same night in December. It is unlikely that males were engaging in
territorial defense with so many prospective competitors, but it is certain that winter
mating does occur at this roost, as one of the authors (S. Thomas) observed copulation
among bats in the roost prior to this study. We postulate that higher winter activity of
males than females at the artificial roost signifies that males are more active in searching
for mates than females, frequently visiting several hibernacula during the hibernation
season. While our data do not support Clark’s (1990) resource-defense polygynous
mating system hypothesis, decreasing detection of adult males at the maternity roost with
the progression of summer is similar to Clark’s (1990) suggestion that males set up
“territories” in late summer. We suggest that the establishment of defended territories is
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less likely than the possibility that males are simply less tolerant of social roosting with
maternity colonies.
Arousals during warm winter evenings also provide bats with opportunities to
feed and drink (Hays et al. 1992; Thomas and Geiser 1997). The brown long-eared bat
(Plecotus auritus), frequently arouses during winter, and the ability to glean prey may
allow for more effective foraging on cold evenings (Roer 1969; Hays et al. 1992).
Rafinesque’s big-eared bat is also a gleaner, and our observation of one radio-tagged
female gaining a small amount of weight during the middle of winter provides further
evidence that big-eared bats are adapted to foraging in winter. An intrinsic ability to
effectively feed during winter may enhance winter survivorship in gleaning species of
bats, by providing energy necessary to sustain frequent arousals from torpor. Indirect
evidence of winter foraging has also been found in the greater horseshoe bat
(Rhinolophus ferrumequinum), which arouses frequently from torpor during winter and
this species may be capable of gleaning as noted for other Rhinolophus species (Jones
and Rayner 1989; Park et al. 2000; Siemers and Ivanova 2004). The ability of hibernating
bats to maintain circadian rhythms throughout hibernation, as evidenced by our study and
others (Hope and Jones 2011; Park et al. 2000), is important because it ensures that costs
associated with arousal and normothermy will be offset by the benefits associated with
opportunities to feed and drink under cover of darkness.
In other mammalian hibernators, normothermic periods between torpor bouts
have been shown to provide important opportunities to restore the loss of dendritic
complexity (Heller and Ruby 2004). Another important role of normothermy is to boost
immune system function, which is suppressed during torpor (Prendergast et al. 2002; Luis
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and Hudson 2006; Bouma et al. 2010, 2011). While these results have yet to be
duplicated with bats, it is likely that reduced immune system function makes hibernating
bats vulnerable to colonization by Geomyces destructans. Thus, we postulate that species
which arouse frequently and enter shallower torpor bouts are less likely to develop the
histopathological symptoms associated with WNS, as these species will have more active
immune systems, more opportunity to feed and drink, and more opportunity to groom the
fungus off their bodies. We believe that the short, shallow torpor bouts exhibited by
Rafinesque’s big-eared bat may provide the species with an ecological and physiological
defense against WNS.
Our data show Rafinesque’s big-eared bats use shorter torpor bouts during
hibernation than typically reported among North American cave hibernators. The longest
torpor bout we observed (9.9 d) was shorter than average bout durations reported for little
brown myotis, big brown bats (Eptesicus fuscus) and tricolored bats (Perimyotis
subflavus) based on visual observations in Missouri (Brack and Twente 1985). The
longest bouts observed in these species were several times greater (72, 111 and 83 d,
respectively) than we observed for Rafinesque’s big-eared bat. Twente et al. (1985)
reported torpor bout duration for the same three species kept in captivity, finding that
hibernacula temperature affected bout duration. Average and maximum torpor bout
duration of little brown myotis (6.6, 26.2 d), big brown bats (4.1, 23.3 d), and tricolored
bats (4.8, 34.8 d) kept at relatively high temperatures (10–11º C) were notably longer
than we recorded for big-eared bats. Durations at 2º C for little brown myotis (13.2, 76
d), big brown bats (12.7, 51.1 d), and tricolored bats (12.9, 36 d) were several times
longer. We found Rafinesque’s big-eared bats consistently using shorter torpor bouts

186

while hibernating at a range of temperatures, including those documented for other North
American cave hibernators (Brack et al. 1985; Twente et al. 1985; Storm and Boyles
2011). Torpid Tsk of big-eared bats mirrored variations in Tr, and Tsk of one female
hibernating in a building fell below 0º C on several days, likely due to the influence of
extremely cold air temperatures (Willis and Brigham 2003; Barclay et al. 1996). We
predict that other Corynorhinus species exhibit similar winter torpor behaviors, and
encourage further research in this area.
Reeder et al. (2012) collected periodic arousal data from 83 little brown myotis
affected and unaffected by WNS in several US states. Reeder et al. (2012) found that
study sites and the WNS infection status of bats influenced torpor bout duration,
supporting the notion that an increased rate of arousals in infected bats contributes to
mortality. Although the study design of Reeder et al. (2012), with data collection across
various states and seasons, makes comparisons to our data difficult, differences between
Rafinesque’s big-eared bats and little brown myotis are striking. Little brown myotis
unaffected with WNS exhibited the greatest average torpor bout duration (16.3 d), and
remarkably, even bats which died from WNS had an average torpor bout duration (7.9 d)
over two times greater than the average we recorded in big-eared bats.
Torpor patterns of Rafinesque’s big-eared bats are more similar to some European
bats than North American species. As previously discussed, frequent winter arousals have
long been observed in the brown long-eared bat (Hays et al. 1992), although torpor data
from individual bats are currently lacking. Greater horseshoe bats in England used torpor
bouts lasting 0.1–11.8 d (individual bats averaging 1.3–7.4 d), with torpid Tsk ranging 5–
16º C (typically 10º C), and duration of normothermic periods correlated with ambient
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temperatures on nights >10º C (Park et al. 2000). Natter’s bats (Myotis nattereri)
hibernating in England used slightly longer torpor bouts, ranging 0.1–20.4 d (individual
bats averaging 0.9–8.9 d), and with torpid Tsk centered around 10º C (Hope and Jones
2011).
It is notable that winter torpor in Rafinesque’s big-eared bat is similar to some
European bat species given the emerging evidence for the presence of Geomyces
destructans across Europe. Although it is not certain whether or not Geomyces
destructans causes mortality in European species, mass mortality has not been observed,
and there is some evidence that bats groom the fungus off their bodies while
normothermic (Martínková et al. 2010; Puechmaille et al. 2011). Currently, Geomyces
destructans has only been confirmed on bats of Myotis species in Europe. Geomyces
destructans has not been confirmed on Rhinolophus species, despite their occupation of
hibernacula where the fungus is present on other species, perhaps comparable to Virginia
big-eared bats in West Virginia (Puechmaille et al. 2011; Stihler 2011). Martínková et al.
(2010), however, report that several photographs of Rhinolophus hipposideros suggest
the presences of the fungus. Sign or presence of Geomyces destructans has also not been
documented on Plecotus species. We encourage researchers in Europe and North
America to further investigate the comparative ecophysiology of bats with different
winter torpor strategies and their susceptibility to WNS.
These data have important implications for understanding the spread of WNS in
North America. Rafinesque’s big-eared bat is a rare species, and little data are available
on its winter ecology. In the southern portion of the range, where Rafinesque’s big-eared
bat often overwinters in hollow trees, it is unlikely that WNS is major conservation
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concern (Rice 2009), but populations at the northern edge of the species range rely on
caves and mines for hibernacula, and infection with WNS could endanger the viability
these populations (Bayless et al. 2011). We found that populations hibernating in caves in
Kentucky are shallow hibernators, and their unique winter ecology may provide them
with an ecological and physiological defense against the Geomyces destructans fungus.
Additional ecological defenses may also exist, as Stihler (2011) noted that Virginia bigeared bats hibernate in less humid portions of caves than species affected by WNS.
Although winter torpor behavior of Rafinesque’s big-eared bat may provide an
advantage against Geomyces destructans, fungal infection may still occur similar to
several European species which survive colonization (Puechmaille et al. 2011), and
fungal spores may still collect on the skin and pelage. Thus, the frequent, relatively longdistance movements among cave hibernacula and building that we observed suggest
Rafinesque’s big-eared bat may act as a vector for spread of Geomyces destructans.
Long-distance movements for big-eared bats are short in comparison to long-distance
migrations of some Myotis species (Kurta and Murray 2002), so spread, if any, of the
Geomyces destructans fungus by big-eared bats is likely to be slower and spatially
limited.
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Figure 7.1―Winter torpor behaviors of male and female Rafinesque’s big-eared bats
determined through radio-telemetry at Mammoth Cave National Park, Kentucky, USA.
Number of radio-tagged bats is included in parentheses.
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Figure 7.2―Winter torpor behaviors of Rafinesque’s big-eared bats during early (midNovember–mid-December), mid- (mid-December–mid-February), and late (March)
winter determined through radio-telemetry at Mammoth Cave National Park, Kentucky,
USA. Number of radio-tagged bats is included in parentheses.
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Figure 7.3―Timing of periodic arousals from hibernation in relation to sunset
determined through radio-telemetry at Mammoth Cave National Park, Kentucky, USA.
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Figure 7.4―Skin temperatures (red circles) of a female Rafinesque’s big-eared collected
through radio-telemetry and concurrent ambient temperatures (black line) recorded over
12 days at Mammoth Cave National Park, Kentucky, USA. Shaded areas include hours
between sunset and sunrise.
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Figure 7.5―Daily activity of PIT-tagged adult female (A) and male (B) Rafinesque’s
big-eared bats at a man-made structure in Mammoth Cave National Park, Kentucky,
USA. Solid line indicates a second PIT-tagging effort in mid-August, increasing the
number of PIT-tagged bats.
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Figure 7.6―Daily activity of PIT-tagged female (A) and male (B) Rafinesque’s big-eared
bat young-of-the-year at a man-made structure in Mammoth Cave National Park,
Kentucky, USA.
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CHAPTER EIGHT
CONCLUSION

The preceding six chapters of this dissertation discuss the daytime and nocturnal
behaviors of Rafinesque’s big-eared bat (Corynorhinus rafinesquii), including social
roosting behaviors and winter ecology. The data contained in these chapters show that
Rafinesque’s big-eared bat is a highly social species dependent on large tree cavities
within bottomland hardwood forests for summer maternity roosts, most notably in bald
cypress (Taxodium distichum) at the northern extent of the range. Bald cypress trees are
critical sites of social fusion because they offer roosting bats with the greatest amount of
roosting space, with social networks centered on important cypress trees. These networks
are discussed in Chapter Three, with the finding that one colony of bats appeared to be
limited by the availability of alternate bald cypress roosts. The finding that roost
availability not only constrains social networks, but also constrains dispersal across the
landscape, is important for management of Rafinesque’ big-eared bats on the Ballard
Wildlife Management Area and other wetland habitats that the species inhabits. My data
suggest that colonies occupying habitats with limited availability of bald cypress trees
may become threatened when existing roosts fall or decline in condition, unless
management actions are implemented to promote long-term recruitment of future roosts
and/or implement short-term creation of artificial roosts to provide habitat until new
“natural” roosts can develop. Furthermore, knowledge that dispersal across the landscape
may be hindered by the availability of bald cypress suggests that landscape-level
management policies are needed to promote continuous availability of these roosts across
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wetland landscapes and work toward connecting “islands” of bottomland hardwood forest
to other nearby forests.
Given the importance of bald cypress for roosting habitat of Rafinesque’s bigeared bat, it is notable that thermoregulatory patterns differed among big-eared bats
roosting in cypress trees compared to other tree species. Roost cavities inside water
tupelo (Nyssa aquatica) were more sheltered from ambient temperatures than cavities
inside bald cypress, resulting in cooler temperatures during the daytime and warmer
temperatures during the nighttime. These cool, stable microclimates are suitable for
torpor, and bats roosting in water tupelo cavities used longer torpor bouts than bats
roosting in bald cypress cavities. Thus, water tupelo cavities provide Rafinesque’s bigeared bats with an important thermal resource. Many of these cavities are not available to
bats for much of the year; however, as water levels in sloughs containing water tupelo
remained above basal entrances until the middle of the summer. Management for water
tupelo trees is, therefore, also of importance to the conservation of big-eared bats. We
recommend that land managers focus on the creation and retention of water tupelo trees
with top entrances to the main tree cavity to provide bats with accessible water tupelo
cavities year-round.
Water tupelo trees were also the only tree species with cavities protected from
freezing winter temperatures, and are, therefore, the only roosts in the area where bats
could possibly overwinter. Water levels during the early spring often block basal
entrances to water tupelo trees, and could trap bats inside these roosts or prevent their
ability to access them. Based upon these data, we strongly suggest that management
focus on the recruitment of more water tupelo trees with top entrances to the roost cavity,
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as these roosts are clearly important summer roosts, and may also be indispensable winter
roosts. More research in this area is needed, however, as it is uncertain that Rafinesque’s
big-eared bats overwinter on the WMAs, or would if suitable habitat were available to
them.
The data in these chapters are consistent with knowledge of Rafinesque’s bigeared bat as a moth specialist, and provide the first assessment of their nocturnal habitat
use in relation to the habitat use of their moth prey. These data showed that upland forests
are important moth habitat within the WMAs and that open fields were especially poor
moth habitat, although an abundant and diverse assemblage of moths occurs at the forest–
field edge interface. These findings are notable in light of the WMAs focus on
management of open habitats for waterfowl. Promotion and maintenance of these fields
decreases the abundance and diversity of moth prey in the area, and, unsurprisingly,
Rafinesque’s big-eared bats established their home ranges farther from fields than all
other habitats. Furthermore, pregnant females were located closest to deciduous forests
and farthest from fields within their home range during nighttime flights. These findings
suggest that pregnant females might be particularly vulnerable with management that
promotes open habitats. Based on my data, I encourage management for habitat of
Rafinesque’s big-eared bat within the WMAs that implements reforestation efforts,
especially in habitats adjacent to and including known roosting areas. Management need
not eliminate all fields in the WMAs, as the diversity in vertical structure that edges
provide is suitable foraging habitat for Rafinesque’s big-eared bats (Lacki and Dodd
2011).
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The penultimate chapter of this dissertation provides the first measurements of
winter torpor patterns in Rafinesque’s big-eared bat. These data have important insight
for management agencies, including the Kentucky Department of Fish and Wildlife
Resources. The relatively short, shallow winter torpor bouts exhibited by Rafinesque’s
big-eared bats suggests this species may be less vulnerable to colonization by Geomyces
destructans, the fungus causing white-nose syndrome. These data do not show that the
fungus will not establish on big-eared bats, however. On the contrary, it is quite possible
that fungus may successfully colonize on Rafinesque’s big-eared bats, but that these bats
arouse frequently enough to groom the fungus off their bodies. This behavioral response
to the fungus is believed to occur in several European bat species, where significant
mortalities of cave-roosting bats have not been observed. It must be noted that the
frequent movements of big-eared bats among nearby caves in Mammoth Cave National
Park may contribute to the spread of fungal spores among these hibernacula should any
of them become infected. In comparison to other North American species, however, bigeared bats are relatively non-migratory, and the potential to spread white-nose syndrome
across the landscape by this bat species is unlikely.
Not included in this dissertation are companion datasets for Chapters Three, Five,
and Six collected at Mammoth Cave National Park. These datasets will provide insight
into how daytime and nighttime behaviors differ between upland and bottomland forests.
Of particular interest is the influence that different roosting habitats have on social
networks and thermoregulatory strategies. Rafinesque’s big-eared bats in Mammoth Cave
National Park roost in caves, buildings, rock shelters, and trees, and it is possible that this
diversity in thermal habitats influences more variable summer torpor strategies, as well as
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different social behaviors. Different management strategies between the National Park
Service and Kentucky Department of Fish and Wildlife Resources may also influence the
suitability of daytime and nighttime habitats. For example, the use of prescribed fire
within forested stands inside Mammoth Cave National Park provides an opportunity to
evaluate the effect of this management tool on the nighttime behaviors of this mothspecialist bat.
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